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PREFACE

This study under NASA Contract NAS5-21872 was initiated to perform a parametric
analysis using computer simulation and analysis techniques of the threshold and signal
distortion effects in FM TV systems. This report is a study of the signal distortion

effects. The FM threshold study is presented in a separate report.

Computer simulation is used to model an FM TV transmission system. A T-pulse-and-
bar test signal is passed through the simulated system and a distorted output signal
approximating the input test signal is the result of the simulation. The output signal
can be compared with the input signal for various specified systems. Thus, the dis-

tortion quality of various systems can he evaluated.

As a result of the analysis, the following conclusions can be drawn:

1. The T-pulse-and-bar test signal is distorted more in a system with preemphasis
than in. one without preemphasis.

2.‘ In the case of worst distortion a preemphasized system with a half-power RI
bandwidth equal to twice the peak deviation produces a T-bar overshoot of only 9.9% -
less than the 13% limit specified by C.C.I.R. This occurs for a four-pole Chebyshev
filter having a 0.1-dB ripple bandwidth of 10.0 MHz and a half-power bandwidth of
12.13 MHz.

3. An increase in the peak deviation of a system increases signal distortion.

4, The signal distortion increases as the number of poles of the predetection

filter increases.

5. A four-pole Chebyshev predetection filter causes slightly more signal distortion

than a four-pole Butterworth filter with the same half-power bandwidth.
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SECTION 1 - INTRODUCTION

Reception of a frequency-modulated (FM) television signal requires predetection
filtering to remove noise outside the FM frequency band prior to demodulation. To
reject as much noise as possible the predetection filter should be as narrow as

possible without significant distortion of the desired signal.

The primary objective of this study is to simulate an FM television transmission
system by computer programming and to evaluate the signal distortion due to
predetection filtering, The system is modeled mathematically, and a T (T = 100
nanoseconds) pulse-and-bar test signal is used as the input video signal. The
output wave resulting from the test signal is calculated and plotted. Then the
distortion of the signal can be seen and used as a measure of the distortion

quality of the system. No audio subcarriers are considered in this analysis. The
simulation is implemented for 64 cases specified by NASA, and the results of those

cases are presented herein.

A typical video luminance signal has a format as shown in Figure 1-1, and the

test signal is shown in Figure 2-3. Portions of the test signal are shown in more

detail in Figures 4-1 and 4-2. Note that the T-pulse has a width of 100 nanoseconds,
corresponding to a 5.0-MHz video pandwidth, rather than 125 nanoseconds, correspond-
ing to a 4.0-MHz video bandwidth. Therefore, the distortion results will be somewhat

conservative for application to a 4. 0~-MHz system.

The system being modeled is shown in Figure 1-3. The video test signal enters the
preemphasis filter which is a 525-line filter specified by C.C.I.R., (Reference 3).
The model also includes the case for a flat, or unpreemphasized, system in which

the preemphasis and deemphasis filters are not used,

The signal goes next to the RF frequency modulator from which the video signal is
transmitted in an RF form through a noisy RF channel; however, RF additive noise

is not included in this model.
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In passing through the predetection filter the signal is distorted somewhat depending
on the filter characteristics. Narrowing the predetection filter bandwidth cuts out
noise. On the other hand, narrowing the filter causes signal distortion, Thus, the
filter is desired to be narrow but not so narrow that significant distortion occurs.

The predetection filter characteristics are inputs to the computer program for system

evaluation.

The RF demodulator recovers an estimate of the modulating signal. Tt is only an
estimate because the signal includes distortion. In a flat system, this is the
estimate of the video test signal. In a preemphasized system the demodulated

signal must pass through a deemphasis filter to recover the estimate of the video

test signal.

The final output signal is compared with the input test signal for various specifications
of three- and four-pole Butterworth and Chebyshev filters and for various peak

deviations of the RF carrier. The distortion of the final test signal is used as a

measure of system quality.
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SECTION 2 - APPROQACH

2.1 INTRODUCTION

The mathematical theory required to reclaim a modulating wave in a flat or preemphasized
F'M television system is presented first with block diagrams to i{llustrate the sequences

of mathematical operations. Then, after the standard test signal is described, special
treatment of the test signal to facilitate analysis is explained. Finally, the numerical

methods used in the analysis are indicated.

Computer implementation of the -mathematics involved in the analysis demands careful
consideration particularly because convolutions are involved. Convolutions performed
by numerical methods require lengthy computations in either the frequency domain with
the use of Fourier transforms or directly in the time domain. Much is written about the
economy of the fast Fourier transform (FFT) technique, and at first it appears that use
of the FFT would be more economical than direct implementation of the convolution in the
time domain. This is true when operations involve the same number of points in both the
frequency and the time domains. If the number of points required for an operation in the
time domain is less than that required for the equivalent operation in the frequency
domain, then the time domain is preferred. To illustrate this point, consider the time
impulse function, §(t), whose Fourier transform is unity for all values of frequency,
while §(t) is nonzero at only one point in the time domain, Some other difficulties with
the FFT method are integration with respect to time and division of two time functions.
For these various reasons the time convolution is preferred over the FFT method for

this application,
2.2 A MATHEMATICAL ANALYSIS OF THE VIDEO TEST SIGNAL DISTORTION

This mathematical analysis involves a method to reclaim the modulating wave of a flat or
preemphasized FM television system. The case of a preemphasized FM television system
is first considered, while the case of a flat FM television system can be regarded as a

special case of the former.
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Let f(t) denote a test signal which enters the preemphasis filter having impulse response,
clhl(t), where hl(t) is the response of a passive filter and cy is the voltage gain required
to satisfy the preemphasis specification. The modulating wave m(t) after preemphasis is

given by

t
mt) = clf f()h, (t - x)dx 2-1)

The modulated carrier which is filtered in the predetection filter is

sl(t) = CO8 [uot + qb(t)] _ (2-2)

where W, ig the angular frequency of the carrier and
t
i) = kf m(x)dx (2-3)

A constant of proportionality, k, relates the instantaneous frequency deviation to the

voltage of the modulating wave, mit).

The modulated carrier is then passed through the predetection bandpass filter, The
impulse response, hz(t), of the bandpass filter can be found from the specification of the

filter and can be written for a filter symmetric about its center frequency, W s as
ty = t -
h2( ) 2h£(t)cos W (2-4)
where hjz {t) is the impulse response of the equivalent low-pass filter corresponding to
the bandpass filter. The theory of converting a bandpass to an equivalent lowpass filter

for analysis purposes is developed in Reference 1. The output, s 2(1:), of the fiiter is then

found by convolving the RF signal, sl(t}, with the impulse response, hz(t), as follows:

t
sz(t) = f cos [wox + tb(x)] h2(t ~ xjdx {2-5)

-

On substituting for hz(t - x) the output becomes
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t
= - - 2-6
sz(t) fm cos [wox + q&(x)] Zhl (t - x) cos [wo(t x)}dx (2-6)
On expanding the last cosine term above and multiplying one gets

t
sz(t) = cos wot —_L, 2 cos W X cos[wox + ¢;(x)]h£(t - x)dx

" (2-T}
+ sin wot f 2 sin w x cos[wox + ¢(x)]h£(t - x)dx
-00
A further expansion of the terms of this equation gives
t
8,(t) = cos w b Iw cos [2wox + ¢(X)]hﬂ(t - x)dx
t
+ Ccos W tf cos q&(x)hﬂ(t - x)dx
° —-o0

(2-8)

t
+ 8in uot '_[o sin[zwox + ¢(x):\h£(t - x)dx

t
-sin wot f sin ¢(x)h£(t - x)dx

Note that the first and third integrals are convolutions of an RF signal with the impulse

response of a lowpass filter. Thus, those terms are zero and sz(t) can be written as

sz(t) = A(t) cos wot + B(t) sin wot {2-9)
where
t‘
Alt) :j cos ¢(h,(t - x)dx (2-10)
and
t
B(t) = f sin ¢(x)h,(t - x)dx (2-11)
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Finally the band-filtered RF carrier can be written as

5,(t) = \)Ag(t) + Bz(t) cos[wot + w(t)] (2-12)
where

=10} _
Y(t) = tan [A(t)j' (2-13)

This is a convenient form since the demodulator output is proportional to the derivative

of ¥t), and

L4 1B | _ 1 d_]g._LtL '
YL = g tan [At} 2E[At] @-14)
(t) 1+|'g9;| (t)
LA L)

The modulating signal, m(t), can be estimated as ﬁ1(t) by replacing ¢{t) by ¥(t) and m(t)
by M(t) in Equation (2-3). Thus,

Wity = k[ M (x)dx (2-15)

Differentiation of both sides of Equation (2-15) gives Yty = ktfﬁ(t) and the estimate of the

modulating signal is given by

M) = LAC] (2-16)

However, in the preemphasized FM television system r’ﬁ(t) is not vet the final output,
which is obtainable by passing ﬁ\l(t) through the deemphasis filter having an impulse

response ¢ h_(t), where h (t) is the response of a passive filter and ¢, is the voltage gain

33 3
required to satisfy the deempha51s specification. The final output f (t) is, therefore,

t
ey = ¢y f fi(B)h, (¢ - x)dx (2-17)

A
The circumflex accent in f{t) is used to indicate an estimate of f(t). On substituting for

r’:'r\l(t) the final cutput becomes

C
by = 3
k

t
f w'(X)hS(t - x)dx (2-18)
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A block diagram to summarize the sequence of mathematical operations involved in the

above analysis is presented in Figure 2-1,

For the case of a flat FM television system, the modulating wave m(t) is simply the test
signal, £(t); i. e., the function, ¢ (t), in Equation (2-3) is given by
t
P(t) = kf f(x)dx (2-19)
-0
A .
and the final output, f(t), is given in accordance with Equation (2-16) as

fity - Lf’_kf&l (2-20)

with k in Equations (2-19) and (2-20) having the same meaning as before. A block diagram
summarizing the sequence of mathematical operations involved in this flat FM television

system is presented in Figure 2-2,

The determinations of the impulse responses of the preemphasis and deemphasis filters are
described in Appendix A, and those of the equivalent lowpass filters of the two types of

predetection filters involved are described in Appendix B.

The determination of the value of k in Equation (2-3) is shown below. To have equal
maximum frequency deviations on both sides of the center frequency of the predetection
filter, the zero frequency deviation is assigned at a level 0. 2 volt above the baseline of

the test signal shown in Figure 2-3. The instantaneous frequency deviation, ¢ {t), is given

by differentiating the expression in Equation (2-3); i.e.,
$ (1) = km(t) (2-21)

Let vy be the minimum voltage of the input signal at an instant, t_, and let Vg be the

1

maximum voltage of the input signal at another instant, t Then, from Equation (2-21)

9°
the following relations are obtained:

¢'(t) = kv, (2-22)

¢ (ty) = kv, (2-23)
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If Dp denotes the peak frequency deviation, then

$t,) - it}

2rD =
P
(2-24)

for equal maximum frequency deviations from the center frequency of the predetection

filter. Since the voltage difference, v_ - vy is 1 volt,

2

k = 471D (2-25)
P

2.3 THE TEST SIGNAL AND ITS TREATMENT

The test signal used in the distortion analysis contains a T-pulse and a T-bar, as
specified in Reference 2, A T-pulse is one cycle of a raised sinusoid having a frequency
of -2-1;1-; The T-pulse is often referred to as a sine-squared pulse because it can be
generated by squaring a sinewave of half the frequency just mentioned. A T-bar is a
rectangular pulse with half a T-pulse used for the rise and the other half used for the fall,
The test signal is presented in Figure 2-3. A more detailed view of the pulse and bar
are shown in Figures 4-1 and 4-2, In any practical situation the T-pulse is sufficiently
separated from the synchronizing pulse that one can assume settling of any transient
effect by the beginning of the T-pulse. Similarly one can agsume that any transient effect
preceding the T-bar has settled by the time it starts, The T-pulse is treated as though
the synchronizing pulse and the T-bar did not exist, and the T-bar is treated as though
the T-pulse and synchronizing pulse did not exist, Thus, the T-pulse and T-bar are

considered separately. The methods of decomposing each of these signals to simplify

the computer simulation are discussed,

2.3.1 T-Pulse Implementation

The T-pulse with its dc bias can be represented mathematically as
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f(t)

1A
-
iA
o

0.7 sinz[w(t - tl)]— 0.2, t
(2-26)

~0.2 elsewhere

1
where w = 21r(4T) (2-27)

T = 100 nanoseconds

The duration of the pulse interval (tl, tz) is 200 nanoseconds,

For the case of a flat FM television system, the T-pulse applied to the system is given

by Equation (2-26) with intervals, (0, t,) and (t,, tj), each of 600-nanosecond duration.
The signal is considered over the time interval from 0 to t3. This provides an interval

of observation both before and after the transient pulse. The interval preceding the

pulse allows time for settling of the system after the signal is applied to the predetection
filter and before the pulse occurs. The period following the pulse is required to observe the
delay and distortion on the output signal. The leading interval is required for settling

of the predetection filter transient which occurs upon application of the signal at time zero.
The preemphasis and deemphasis filters are tested with a dc voltage level applied for

a long time prior to the T-pulse. Thus, the resultant dc output signal from these filters
can be ealculated simply as a constant times the input dc voltage without actually using

the ‘convolution technique., The response to the T-pulse can be superimposed on the
calculated dc response to arrive at the output waveform, Thus, for the case of a
preemphasized FM television system, the principle of superposition is applied in order

to facilitate the analysis by computer.

The input time function, f(t), is divided up into two components.

£t = £, 1) + £,(0) (2-28)

where

i 2 = { <
f ) =0.7sin [w(t—tl)jl, ty=t=t,

(2-29)

= 0, elsewhere;

2-10



and

f,(t) = -0.2, all t (2-30)

When f(t) enters the preemphasis filter having an impulse response, clhl(t), the output

modulating signal, m(t), is given by a convolution operation.

mit) °, Imf(x)hl(t - x)dx

t t
cl{ fl(x)hl(t - x)dx + c, ;[m fz(x)hl(t - x)dx (2-31)
1

il

t t
. 2
clj{ 0.7 sin [w(x - tlﬂu(—x + tz)hl(t - x)dx + °y [ (—0.2)h1(t - x)dx
1 -0

where u is the Heaviside unit function. The upper limit of the integrals is changed to t
because the filter is causal, and the lower limit of the first integral is changed to t1
because the signal, f 1(t), ig zero for smaller values of time. The second term on the
right side of Equation (2-31) is the response of the filter to a dc voltage. If the transient
effect of applying a dc voltage is assumed to have subsided before the beginning of the
sine-squared pulse, then the effect of the filter on the dc voltage can be considered as
merely a constant attenuation. This constant attenuation is specified as a value of 10 dB

in Reference 3. Then, Equation (2-31) can be written as

0,2
mb) = -3 678 T4
" ) o5 {2-32)
=1,499 { 0.7 sin |Ww(x -t -xX +t_)h - — e
(f m[ (x 1)]u(x IR (- X)dx - s, 2ty
1
1 .
where the factor, 3.162278 corresponds to a dc attenuation of 10 dB and the factor, € =

1. 479, corresponds to a gain of 3.39 dB.
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Thus, the modulating signal can be written as the superposition of two signals as follows:

mi(t) = ml(t) + m_(t) (2-33)

2
where

ml(t) = -0. 0632456 for all t

t (2-34)
m ) = 1.479 | 0.7 sin e - t)|uix = t)h, (¢ - xjdx, t=t

9 : ! 1 271 R |
1

= 0 elsewhere

The firsi of these signals is the response of the preemphasis filter to the de portions of

the input signal, while the second is the response to the sine-squared component,

Since the frequency modulation and demodulation involved in this analysis are nonlinear
processes, the principle of superposition cannot be applied as it was with the preemphasis
filter. The modulating wave m(t) must be applied as it is given in Equation (2-32), but
the duration of the time intervals can be adjusted appropriately to reduce computation
time. It was found that a value of 600 nanoseconds for t_ and a value of 800 nanoseconds

1

for the length of the time interval from t_ to t o were large enough to evaluate the applied

1
signal (see Figure 4-131).

The steps outlined mathematically in Paragraph 2,2 are implemented for finding the
demodulated output, '(t), as an estimate of m(t). The details of this implementation are
not discussed since no special simplifying technique is used for that portion of the

calculations.

Superposition is again applied at the deempbhasis filter to simplify the calculations.

The demodulated output ¥'(t) can be considered to consist of two parts, ¢;‘1 and l,b;z, where
"Vl is the response to the de portion of the modulating wave, ml(t), and |/)'2 is the response
to mz(t). Both ml(t) and mz(t) are defined by Equation (2-34). The demodulated output,
Y (t), can be written as

YO = Py )+ Yy (t) (2-35)
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congisting of the de component, lp'l(t), and the transient component; .1;’2(1:) . The input wave

can be written as
Wt = P ) + Py (2-36)

where t[;'l(oo) is the steady-state dc response having a value of -0, 0632456.

If c 3h3(t) denotes the impulse response of the deemphasis filter, the response of the

deemphasis filter to the input wave, l];'(t)’ is given by

ft) = Cgf [z/);(oo) + wé(x)}hg(t - X)dx
¢ t
- c, _f; (0. 0632456)h, ¢ - x)dx + 03{ P, 09, (¢ - x)dx (2-37)
1

-f ) +F

where the upper limit of the integrals has been changed to t because the deemphasis filter

is causal, and the lower limit of the second integral has been changed to t1 hecause the

function, lll..; (t), is zero for smaller values of time.

A
If only the steady-state value, fl(t}, is considered, it is given by

?l(t) - ?l(m) — (-0. 0632456)(3. 162278) (2-38)

where 3. 162278 is the value of the deemphasis amplification factor, cg

A
The final output, f(t), of the system is given by

fit)

t
-0, 0632456(3. 162278) + 3. 162278 f w'z(x)hs(t - x)dx
t

1
(2-39)

¢

~0.2 +3,162278 | b (B (t - X)dx
t
1
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From the previous derivations, it is seen that the response of the preemphasis and
deemphasis filters given by convolution operations are broken up into two separate con-
volutions, one of which can be evaluated without performing the operation. In this way,

the required computer time is greatly reduced.

2.3.2 T-Bar Implemeniation

The procedures described for the T-pulse implementation are also applicable to the T-bar
test signal when it is resolved into the right component parts. The following shows how

this can be done.
2.3.2.1 The Rise Portion of the T-Bar

Let TR(t) represent the rise-portion of the T-bar having a mathematical representation

given by
Tp ) = -0.2 t=t,
= 0.7 sin2[w(t - tl)]-o.z, t=tst, (2-40)
=0,5 tsstst6

where t 4 is the instant at which the half sine-squared pulse starts,

i 5 is the instant at which the half sine-squared pulse ends,
the duration of the interval (t n t5) is 100 nanoseconds,

The duration of the interval, (s to)s is arbitrary as long as it is large enough for the

transient response of the filters to subside.

To make TR(t) suitable for the previously developed procedures of analysis in the case of

the T-pulse, TR(t) is reconstructed in the following way.

T () =T

R (2-41)

T

R r2®)

where
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— <
- ) 3 1 -— i | 5
and
ty = -0, » t -
Tpo(t) 2, all (2-43)

When comparison is made with Equation (2-28), it is clear that TR 1(t) corresponds to
fl(t) while TRz(t) corresponds to f2 (t), and the same procedures of analysis can be applied.
2.3.2,2 The Fall Portion of the T-Bar

It is assumed that any transient filtering effects have subsided before reaching the fall
portion of the T-bar signal. This is reasonable because the pulse is quite long. There-

fore, the fall portion of the T-bar signal, TF(t), can be represented by

= 0. t
Tp(t) 5 <t

7
2
=0.5- 0,7 sin [(g(t—t,?)],t,?s_tStS (2-44)
= -0.2 >t

where the duration of the interval (t7,t 8) is also 100 nanoseconds, and the value of t7

is arbitrary.

TF {t) is also reconstructed in the following manner:

TL) = T 0 + Tpo® (2-45)
where
Tp =0 t<t,
—-O’(sinzwt—t t <t <t 2-46
- . ]: ( 7ﬂ b 7 — - 8 ( )
==0,7 t >t8



and

T, = 0.5 all t (2~4T)

Again, with reference to Equation (2-28), it is seen that TFl(t) corresponds to fl(t) and

TF 2(1:} to f2 {t) so that the same procedures of analysis can be applied.

Tor the case of a flat FM television system, the constant voltage portion of the T-bar
test signal was shortened to 600 nanoseconds and then the entire modified T-bar signal

was applied directly to the system.
2.4 NUMERICAL METHODS USED IN THE COMPUTER IMPLEMENTATION

The numerical formula used in the analysis for evaluating a definite integral is simply

the rectangular formula.

t, N
[ f(x)dx zz (¢, +ndt)at (2-48)
t1 n=1

where f(t) is a given continuous time function,

t 1 and t2 are the limits of integration,

N is the number of sections into which the interval of integration (t2 -t 1) is
partitioned,

t -t
At = 2 N the size of an increment of time.

The numerical formula used for differentiation is a three-point one (Reference 4) as

follows:

S S -
G =gag 8L AL, -

1" fiv2) (2-49)

h

where fi, fi+ , and fi+ are the values of the given function f(t} at the it , 1+ 1)th, and

1 2

(1 + 2)" points of the t-axis,
f'i is the approximate value of the derivative of f{t) at the ith point of the t-axis,

At is the step-size into which the t-axis is divided.
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The numerical formula for evaluating a given convolution of two causal time functions is

given below, and its rigorous proof can be found in Reference 5.

Let ¢

R(t) = f f(x)g(t -~ x)dx (2-50)
9]

where f(t) and g(t) are two causal functions.

1f the range of integration is divided into n intervals of 4t second, then R(ndt) is given by

Il
R(nAt) = At Z {2-51)
m=0

fmgn -m
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SECTION 3 - DESCRIPTION OF COMPUTER PROGRAMS

3.1 INTRODUCTION

The computer programs, developed in FORTRAN for the FM distortion analysis, are
discussed in this section and a listing of the programs is found in Appendix C.

The programs are not combined into a single program, because some results are
calculated only once and are stored in data files for repeated use as input data for
some of the other programs. There are sixteen numbered programs each of which
performs a particular function as shown in Table 3-1. The final results of each
program are stored in data files which can be printed out if desired or used

directly as input data for other programs. Some of the computer programs are

very similar and will be described as a group.

The computer programs all use a 1-nanosecond time increment for sampling

and mathematical operations such as integration and differentiation.
3.2 COMPUTER PROGRAM 1

This computer program is used to generate sample values of components of a
T-bar test signal. Its flowchart is shown in Figure 3-1. The data generated
by this program are used as input data for Program 7. The program calculates
samples of the rise and fall components of the T-bar according to Equations

(2-42) and (2-46), respectively.

It generates samples at one-nanosecond intervals from the leading edge of the
sine-squared curve at time, T1, to some later time, TEND, following the end of
the sine-squared curve. In this program, T1 is always set to zero, and the end
of the sine-squared curve is designated T3 with a value of 100 nanoseconds.

The sample values generated by this program are printed out and stored in two

data files for later use - one for the rise and one for the fall.



3.3 COMPUTER PROGEAM 2

This computer program is used to generate sample values of an unbiased T-pulse.
The flow chart, similar to that for the T-bar, is shown in Figure 3-2. The sample
values are calculated, according to Equation (2-29), at 1-nanosecond intervals from
the leading edge of the sine-squared curve at time, T1, to some later time, TEND,
following the end of the sine-squared pulse. The sample values for times later
than T3 are zero. In this program, T1 is always set to zero, and the end of the
sine-squared curve is designated T3 with a value of 200 nanoseconds. The sample

values are printed out and stored in a data file for later use in Program 8.
3.4 COMPUTER PROGRAM 3

This program generates samples of the biased and shortened T-bar test signal.
The flowchart for this program is shown in Figure 3-3. The data generated by
this program are used as input data for Program 9. It generates samples at
1-nanosecond intervals from zero time to some later time, TEND (1800 nano-
seconds), The samples are calculated for the T-bar signal starting at time

T1 (600 nanoseconds) and ending at T4 (1400 nanoseconds), and they include
values of the ~0. 2-volt dc bias for 600 nanoseconds preceding the shortened

T-bar and 400 nanoseconds following it.

The sample values generated by this program are printed out and stored in a

data file for later use.
3.5 COMPUTER PROGRAM 4

This program generates samples of the biased T-pulse test signal. The flow-
chart for this program is shown in Figure 3-4. The data generated by this
program are used as input data for Program 9. It generates samples at one-
nanosecond intervals from zero time to some later time, TEND (1400 nano~
seconds), The samples are calculated for the T-pulse signal starting at

time T2 (600 nanoseconds) and ending at T3 (800 nanoseconds), and they include
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values of the -0. 2-volt de¢ bias for 600 nanoseconds preceding the T-pulse and 600 nano-

seconds following it.
3.6 COMPUTER PROGRAMS 5 and 6

These two computer programs are used to generate sample values of the preemphasis
and deemphasis filters, respectively., Their flowcharts are identical and therefore

only one flowchart is shown for them in Figure 3-5.

The samples, calculated by Program 5 and used as input data for Program 7, are
printed out and stored in a data file for later use. Those calculated by Program 6 and
used as input data for Programs 15 and 16 are alsc printed out and stored in a separate

data file,
3.7 COMPUTER PROGRAM 7

This computer program is used to generate sample values of the modulating wave for the
case of a preemphasized FM television system with a T-bar test signal. Rise and fall
sections of the T-bar are calculated separately and are stored in two separate files.

The flowchart for this program is shown in Figure 3-6. The input data are generated

by Programs 1 and 5. Program 1 supplies the samples of the rise and fall components
of the T-bar test signal, while Program 5 supplies sample values of the preemphasis
impulse response. This program performs the convolutions required and adds in the

dc voltage levels to generate samples of the output waveforms of the preemphasis filter.

These data are printed out and stored in files for later use in Program 9.

3.8 COMPUTER PROGRAM 8

This computer program is used to generate sample values of the modulating wave for the
case of a preemphasized FM television system with a T-pulse test signal. The flow-
chart for this program is shown in Figure 3-7. The input data are generated by
Programs 2 and 5. Program 2 supplies samples of the T-pulse, while Program 5
supplies sample values of the preemphasis impulse response. This program performs
the convolutions required and adds in the dc voltage levels to generate samples of the
output waveform of the preemphasis filter. These data are printed out and stored in

files for later use in Program 9,
3-3



3.9 COMPUTER PROGRAM 9 !

This program calculates sample values of cos ¢(t) and sin H(t) for both flat

and preemphasized FM television systems. The flowchart is shown in Figure 3-8.
The input samples of the modulating wave generated by Program 3, 4, 7, or 8, are
used to calculate samplesof $(t) in accordance with Equation (2-3) for the pre-
emphasized case and in accordance with Equation (2-19) for the flat case, After
integrating to obtain ¢ (t) the sample values of cos $(t) and sin ¢(t) are calculated and

stored in two separate files for later use in Program 14, 15, or 16.
3.10 COMPUTER PROGRAMS 10 THROUGH 13

All these computer programs are used to generate the sample values of the impulse
responses of three - and four-pole Butterworth lowpass filters, the three- and four-
pole Chebyshev lowpass filters. The single flowchart for Programs 10 and 12 is
shown in Figure 3-9, and the flowchart for Programs 11 and 13 is shown in

Figure 3-10. The variable, ¥B, in these programs represents the bandwidth in Hertz
and should be assigned a value accordingly. In Programs 10 and 11, FB is the half-
power bandwidth of a Butterworth filter, while in Programs 12 and 13 it represents
the ripple bandwidth of a Chebyshev filter. The resulting sample values of the

impulse response are stored in a file for later use in Program 14, 15, or 16.
3.11 COMPUTER PROGRAM 14

This computer program performs the final mathematical operations required to
obtain sample values of the final output of a flat FM television system. The flow-
chart is shown in Figure 3-11. There are three input data files for this program,
and they contain sample values of cos ¢(t), sin &(t) and h (t). Values of cos ¢(t)

and sin ¢(t) are generated by Computer Program 9 and values of hy(t) are generated
by Programs 10, 11, 12, or 13, depending on the predetection filter specifications.
The peak deviation, DP, must be specified within the program. The program

functions as follows:
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Two convolution operations produce the time functions, A(t) and B(t), defined by
Equations (2-10) and (2-11), A(t) and B(t) are obtained by convolving cos ¢(t)

and sin ¢(t) with the impulse response hl(t) of an equivalent lowpass predetection
filter. The sample values of cos ¢(t), sin ¢(t}, and hﬁ(t) are read from files
into the vectors FLCOS, FLSIN, and HBF, respectively. The resulting sample

values of A(t) and B(t) are retained in the vectors A and B, respectively.

The time function uys(t), which is the arctangent of B(t)/A(t), is then produced and the
sample values of (i} are retained in the vector PHI. When A(t) takes a value of
zero, the corresponding calculation of the arctangent of B(t)/A(t) is skipped. This

fact is reported by printing out the message "A=0.0."

Finally, the differentiation of ¥(t) is performed and the sample valucs of the
resulting function, y(t), are then divided by K. Then the resulting sample values

of the final output are retained in a file and are also printed out.
3.12 COMPUTER PROGRAMS 15 AND 16

Programs 15 and 16 are used to calculate sample values of the final output wavetorm
for a preemphasized FM television system. Program 15 calculates the system
response to the T-pulse or to the rise portion of the T-bar test signal. Program 16
calculates the system response to the fall portion of the T-bar. These two programs
are identical except for the values of two constants; therefore, only one flowchart,
shown in Figure 3-12, is used to describe the programs. There are four input data
files for this program, and they contain sample values of cos ¢(t), sin (1), hﬂ(t},
and hg(t). The values of cos ¢(t) and sin ¢(t) are generated by Computer Program 9
and values of hﬂ(t) are generated by Program 10, 11, 12, or 13, depending on the
predetection filter specification. The peak deviation must be specified within

each program. The value M in Program 15 i{s specified as 1200 for T-bar calcu-
lations and as 1400 for T-pulse calculations. The value of M does not change from

1200 in Program 16, Each program functions as follows:



Two convolution operations produce the time function, A(t) and B(t), defined by
Equations (2-10) and (2-11). A(t) and B(t) are obtained by convolving cos (1)

and sin ¢(t} with the impulse response, h, (ty, of an equivalent lowpass predetection
filter. The sample values of cos ¢(t), sin ¢(t}, and hﬁ(t) are read from files into
the vectors FLOCOS, FLSIN, and HBF, respectively. The resulting sample values

of A(t) and B(i) are retained in the vectors A and B, respectively.

The time function, y(t), which is the arctangent of B(t) /A(t) is then produced and the
sample values of yit) are retained in the vector PHI. When A(t) takes a value of
zero, the corresponding calculation of arctangent of B(t)/A(t) is skipped. This

fact is reported by printing out the message "A=0.0".

The differentiation of y(t) is then performed and the sample values of the resulting
function, ¥/(t), are divided by K and retained in the vector PHID. Then all these sample
values are examined for computational errors. The errors, occurring in pairs, are

corrected by interpolation,

After corrections are made to the components of the vector PHID, this vector is
convolved with the vector HDE, which containg the sample values of the impulse
response of the deemphasis filter, to give the final output of the preemphasized

FM television system.



Table 3-1.

PROGRAM
NUMBER

10

Functions

3-7

of Computer Programs

PROGRAM
FUNC TION

Generates the sample values of a T-bar sig-
nal for a preemphasized FM television sys-
tem.

Generates the sample values of a T-pulse
signal for a preemphasized FM television
system.

Generates the sample values of a T-bar sig-
nal for a flat FM television system.

Generates the sample values of a T-pulse
signal for a flat FM television system.

Generates the sample values of the impulse
response of the preemphasis filter.

Generates the sample values of the impulse
response of the deemphasis filter.

Calculates the sample values of the modu-
lating wave corresponding to a T-bar sig-
nal in a preemphasized FM television sys-
tem.

Calculates the sample values of the modu-
lating wave corresponding to a T-pulse test
signal in a preemphasized FM television sys-
tem.

Calculates the sample values of the time
function cos ¢(t) and sin &(1).

Generates the sample values of the impulse
response of a symmetrical 3-pole Butter-
worth filter.



Table 3-1,

PROGRAM
NUMEER

11

12

13

14

15

16

Functions

of Computer Programs

PROGRAM
FUNCTION

Generates the sample values of the impulse
response of a symmetrical 4-pole Butter-
worth filter.

Generates the sample values of the impulse
response of a symmetrical 3-pole Chebyshev
filter.

Generates the sample values of the impulse
response of a symmetrical 4-pole Chebyshev
filter.

Calculates the sample values of the final out-
put of a flat FM television system.

Calculates the sample values of the final out-
put of a preemphasized FM television system
when the input is either a T-pulse or the rise
portion of the T-bar signal.

Caleculates the sample values of the final
output of a preemphasized FM television
system when the input is the fall portion of
the T-bar signal.
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SECTION 4 - ANALYSIS OF COMPUTER RESULTS

4,1 INTRODUCTION

The computer programs described in Section 3 and listed in Appendix B are developed to
calculate responses of FM television systems to a T-pulse-and-bar test signal. The
responses are calculated for 64 different combinations of system parameters., These
responses are used as a measure of the distortion quality of the systems being evaluated,
The response of a system can be compared with the input test signal and with the responses

of other systems.

Table 4-1 is convenient for finding the figure showing the calculated system response for

particular system parameters.
4,2 INPUT TEST SIGNAL

The T-pulse-and-bar test signal is shown in Figure 2-3 in terms of the time relation of
the pulse and bar to a single television line scan. Figure 4-1 shows the T-pulse in
detail, while Figure 4-2 shows the T-bar in detail. The width of the pulse at half ampli-
tude is T, having a value of 100 nanoseconds. The entire length of the pulse is 200 nano-

seconds, The height of the pulse is 0.7 volt extending from -0. 2 volt to 0.5 volt.

The T-bar has a width of 25. 0 microseconds at half amplitude and a total length of 25.2
microseconds. Its height is also 0.7 volt extending from -0. 2 volt to 0,5 volt, Note that
a break in the graph of Figure 4-2 is used to indicate that the T-bar continues at the same
level over a long period of time from one side of the break to the other. This technique

is used to show detail of the T-bar on a single page.
4.3 PRESENTATION OF THE RESULTS

The calculated system responses to the T-pulse-and-bar are shown in Figures 4-3 through
4-130. Table 4-1 is an index for these figures. In all cases the T~bar response for a partic-
ular specified system is found in the figure immediately following the T-pulse response

for that same system, This is clearly presented in Table 4-1. For example, the T-pulse



response of a preemphasized FM system with a three-pole Butterworth predetection
filter having a half-power bandwidth of 10 MHz and with a 5-MHz peak deviation is

found in Figure 4-67. The T-bar response for the same system is found in Figure 4-68,

The RF bandwidths of the predetection filters are specified in two ways. Half-power
bandwidths are specified for the Butterworth filters and ripple bandwidths are specified
for the Chebyshev filters, Table 4-2 shows the half-power bandwidths corresponding to

the ripple bandwidths for all the cases analyzed.
4,4 DISCUSSION OF THE RESULTS

The distortion of the test signal in passing through the system can be evaluated as a
function of the system parameters. The effect of the RF predetection filter type, its

number of poles, its bandwidth, the peak deviation, and preemphasis are discussed.

4,4.1 Effects of Predetection Filter Types

A comparison is made of the distortion effects resulting from the use of Butterworth

and Chebyshev filters with the same number of poles and the same specified bandwidths.
Comparison of the cases exhibiting a rather large distortion is first made. Consider

the cases for the three-pole, 10.0-MHz filters and 5.0-MHz peak deviation. Table 4-1
shows that Figures 4-3 and 4-4 give the test signal response for a flat system utilizing

a Butterworth filter and that Figures 4-19 and 4-20 give the corresponding test signal
response for a flat system utilizing a Chebyshev filter. The undershoot of the T-pulse

in these cases is 3.1%(0. 022 volt) for the Butterworth and 2.3% (0.016 volt) for the
Chebyshev cases. These undershoot values compare, respectively, with 6,9% (0. 048 volt)
and 2. 1% (0.015 volt) for a preemphasized system. These latter numbers are derived
from Figures 4-67 and 4-83, The T-bar responses also show more distortion for the
Butterworth than for the Chebyshev cases. If the same comparison is made for four-
pole filters, the Chebyshev filter again looks better. On the basis of this comparison of
the use of a Butterworth filter having a given half-power bandwidth with a Chebyshev filter

having a ripple bandwidth of the same value, the Butterworth filter produces more distortion.



Since this comparison may not be fair to the Butterworth filter a similar comparison is
made comparing Butterworth and Chebyshev filters having the same half—lpower band-
widths as well as the same number of poles, Table 4-2 shows that a four-pole Chebyshev
filter having a 10.0-MHz ripple bandwidth has a half-power bandwidth of 12. 13 MHg;
therefore, the four-pole Chebyshev filter with a 10, 0-MHz ripple Bandwidth can be
compared with the four-pole Butterworth filter with a 12, 0-MHz half-power bandwidth.
The comparison for the T-pulse in a flat system can be made by comparing Figures 4-43
and 4-57. These cases utilize a peak deviation of 6.0 MHz., The undershoot is 3.9%

(0. 028 volt) for the Butterworth case compared with 4. 3% (0. 030 volt) for the Chebyshev.
This difference is rather small. On the fall side of the T-pulse the overshoot is 2.9%
(0. 020 volt) for the Butterworth filter compared with 4.3% (0. 030 volt) for the Chebyshev.
Thus, it appears that the Chebyshev filter still produces slightly more distortion than the
corresponding Butterworth filter. When the T-bar signals are compared in Figures 4-44
and 4-58, one sees that the Butterworth filter produces an overshoot of 2. 7% (0. 019 volt)
on the fall compared with 2. 3% (0. 016 volt) for the Chebyshev., This would indicate that
the Butterworth filter produces slightly more distortion than the Chebyshev. Thus, there
appears to be no significant difference in the performance of the comparable Butterworth

and Chebyshev filters for a flat system.

A similar comparison for a preemphasized system shows a more significant difference
in performance of the two types of filters. A comparison of T-pulse distortions is made
by observing Figures 4-107 and 4-121, The undershoot is 5. 6% (0. 039 volt) for the
Butterworth case compared with 6.0% (0. 042 volt) for the Chebyshev, and on the fall
side of the T-pulse the overshoot is 4.4% (0. 031 volt) for the Butterworth compared with
9.9% (0.069 volt), the largest of all overshoots, for the Chebyshev. That the Chebyshev
filter produces more distortion than the Butterworth in this case is strengthened by
comparing the overshoots at the fall ends of the T-bar output signals. Figures 4-108
and 4-122 show overshoots of 1.4% (0. 010 volt) and 3. 6% (0. 025 volt), respectively,

for the Butterwprth and Chebyshev filters, Thus, the Chebyshev overshoot at the end

of each signal is approximately twice as large as for the corresponding Butterworth

overshoot.



For broadband cases the distortion from one filter to another is small enough that any
differences in the distortions are also small. In such cases the differences may be

within the accuracy of the computer estimation of the output signal,

In conclusion, if preemphasis is used, it appears that the Chebyshev filter produces more
distortion than a Butterworth filter with the same number of poles and the same half-power
bandwidth and that without preemphasis there is no significant difference. It also appears
that the Butterworth filter with a certain half-power bandwidth produces significantly more
distortion than a Chebyshev filter with a ripple bandwidth numerically equal to the half-power
bandwidth of the Butterworth filter.

4.4,2 Effects of the Number of Poles of the Predetection Filter

If all other parameters of the FM system remain fixed, the number of poles of the RF
predetection filter affect the distortion of the system. In fact, distortion increases with

the number of poles, and some examples are chosen to illustrate this point.

First, an example of Butterworth filters is chosen. Figures 4-3 and 4-9 are compared

for T-pulse distortion, The peak deviation is 5.0 MHz and the half-power bandwidth is

10.0 MHz for this case. The undershoot at the top of the pulse is only 3.1% (0. 022 volt) for the
three-pole filter compared with3.7% (0. 026 volt) for the four-pole filter. The overshoot at the
end of the pulse is 4,3% (0. 030 volt) compared with 5. 7% (0. 040 volt) with the larger number
of poles causing the larger distortion. A similar effect is found in a preemphasized system.

It also shows up in the T~bar responses, which can be compared in Figures 4-4 and 4-10.

An example chosen for the Chebyshev case is the comparison of Figures 4-99 and 4-105
for a preemphasized system with a peak deviation of 6. ¢ MHz and a ripple bandwidth of
10.0 MHz. The T-pulse exhibits an undershoot of 7.4% (0.052 volt} at the peak for the three-
pole filter compared with 8. 6% (0. 060 volt) for the four-pole case. Again a four-pole filter is

seen to cause a larger distortion than a three-pole filter.

4,4.3 Effects of the Bandwidth of the Predetection Filter

The bandwidth of the predetection filter definitely affects the distortion of the test

4-4



signal and this effect is clearly seen in the output waveforms, If all other system para-
meters are unchanged, an increase in bandwidth results in a decrease in distortion,

As the bandwidth of the three-pole Butterworth predetection filter inereases from 10,0

MHz to 12.0 MHz and then to 15.0 MHz, the T-pulse distortion shown in Figures 4-3,

4-5, and 4-7 decreases, The T-pulse undershoot at its peak is 3. 1% (0. 022 volt) for a 10.0-
MHz bandwidth, 2, 6% (0. 018 volt) for a 12. 0-MHz bandwidth, and 1.4% (0. 010 volt) for a 15.0-
MHz bandwidth. The overshoot at the end of the pulse decreases from 4. 3% (0. 030 volt) to
2,1%. (0. 015 volf) and finally to'1.1% (0. 008 volt) as the bandwidth increases, Similar
decreases in distortion occur in other examples as the bandwidth of the predetection filter
increases., As it increases without other changes, more of the RF Spectrum'is passed by
the filter and this results in less distortion of the modulated waveform, which, in the end,

results in a less distorted output signal.

4,4.4 Effects of Peak Deviation

A change in the peak deviation affects the distortion if all other system parameters
remain unchanged. The figures listed at the top of Table 4-1 can be compared on a
one-to-one basis with those at the bottom of the table. Those at the top are for a 5. 0-
MHz peak deviation, and those at the bottom are for a 6. 0-MHz peak deviation. In com-
paring Figure 4-3 with Figure 4-35 one sees that the T-pulse undershoots by 3.1% (0. 022
volt) at the peak in the first figure and by 4.3% (0. 030 volt) in the latter. However, the
overshoot at the end of the pulse is 4,3% in both figures. In general, such comparisons
as this indicate more distortion with more peak deviation, This is to be expected, since

more of the FM spectrum is rejected by the predetection filter as the peak deviation

increases.

4.4.5 Effects of Preemphasis

If all other system parameters are unchanged, the distortion of the test signal depends
on whether or not preemphasis is used. It is quite clear from the data that preemphasis
increases distortion of the test signal. As an example, compare the distorted T-pulses
of Figures 4-3 (flat) and 4-67 (preemphasized). The undershoot of the pulse peak in the
flat system is 3. 1% (0. 022 volt) compared with 6,9% (0. 048 volt) in the preemphasized
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system, and the overshoot at the end of the pulse is 4.3% (0. 030 volf) in the flat system
compared with 4, 6% (0,032 volt) in the preemphasized system.

This effect can be explained if the modulating signals are compared for the two cases.

In the flat case the modulating signal is just the T-pulse-and-bar as shown in Figures 4-1
and 4-2. The modulating voltage ranges from -0, 2 volt to 0. 5 volt and the peak deviations
correspond to X0, 5 volt. If a preemphasis filter is added, the modulating waveform

takes the form shown in Figures 4-131 through 4-133.

Figure 4-131 shows the response of the preemphasis filter to the T-pulse. Note that
the modulating voltage reaches a peak of 0. 79 volt corresponding to a peak deviation
that is 58% larger than that which occurs without preemphasis. Naturally the pre-
detection filter distorts this peak, since the RTF frequency corresponding to the peak is
farther from the center of the predetection filter. At the end of the pulse the preempha-
sis filter causes an overshoot to -0. 33 volt compared with ~0, 20 volt for the ﬂﬁt case.
Thus, one could possibly expect more distortion at the end of the pulse in a narrow-band

system, although the peak deviation is not excessive on that side of the carrier frequency.

Figure 4-132 shows the response of the preemphasis filter to the rise portion of the
T-bar. Again, as in the case of the T-pulse, the voltage rises to 0. 79 volt which provides
a 58% increase in peak deviation over that without preemphasis. Then the voltage

slowly falls to a lower constant de level, This resultg in an increased deviation on one

side of the carrier frequency and distortion by the predetection filter.

Figure 4-133 shows the response of the preemphasis filter to the fall portion of the T-bar.
Here the voltage falls to approximately -0, 7 volt, causing an increase of 40% in peak
deviation over that achieved at the peak of the synchronizing pulse in the absence of pre-
emphasis. Preemphasis increases the deviation of the T-bar test signal on the low side
of center frequency by 350%, since the T-bar test signal goes only as low as -0. 2 volt

in the abhsence of preemphasis.

Clearly preemphasis causes increased distortion of a T-pulse-and-bar test signal over
that of a flat system, and that inereased distortion results from the increased deviation

of the RF carrier and resultant distortion of the RF carrier,
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Table 4-2. Half-Power Bandwidths Corresponding to the
0.1-dB Ripple Bandwidths for Three- and Four-Pole Chebyshev Filters

Ripple
Bandwidth 3 Poles 4 Poles
(MHZz)
10 13. 89 12.13
12 16.67 14, 55
15 20, 84 18.20
20 -— 24,26
30 —— 36.39
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Figure 4-25. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 10 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-26. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 10 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-27. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B =12 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-28. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal

(B =12 MHz, D=5 MHz, Ripple = 0.1 dB)
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Figure 4-29. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal

(B = 15 MHz, D, = 5 MHz, Ripple = 0.1 dB)
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Figure 4-30. Response of a Flat FM Television system
Having a 4-Pole Chebyshev Filter to a T~Bar Test Signal
- (B = 15 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-31. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 20 MHz, Dy =5 MHz, Ripple = 0.1 dB)
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Figure 4-32. Response of a Flat FM Television éystem
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 20 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-33. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B =30 MHz, Dy = 5 MHz, Ripple = 0.1 dB)
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Figure 4-34., Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 30 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-35. Response of a Flat FM Television System
Having a 3-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 10 MHz, Dp = 6 MHz)
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Figure 4-36. Response of a Flat FM Television System
Having a 3-Pole Butterworth Filter to a T-Bar Test Signal
(B =10 MHz, D_ =6 MHz)
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Figure 4-37. Response of a Flat FM Television System
Having a 3-Pole Butterworth Filter to 2 T-Pulse
Test Signal (B = 12 MHz, Dp = 6 MHz)
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Figure 4-38. Response of a Flat FM Television System
Having a 3-Pole Butterworth Filter to a T-Bar Test Signal
‘ (B = 12 MHz, Dp = 6 MHz)
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Figure 4-39. Response of a Flat FM Television System
Having a 3-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 15 MHz, Dp = 6 MHz)
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Figure 4-40. Response of a Flat FM Television System
Having a 3-Pole Butterworth Filter to a T~-Bar Test Signal
(B = 15 MHz, Dp = 6 MHz)
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Figure 4-41. Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 10 MHz, Dp = 6 MHz)
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Figure 4-42, Respanse of a Flat FM Television System

Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 10 MHz, Dp = 6 MHz)
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Figure 4-43. Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 12 MHz, Dp = 6 MHz)
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Figure 4-44. Response of a Flat FM Television System

Having a 4-Pole Butterworth Filter to a T-Bar Test Signal

(B =12 MHz, Dp = 6 MHz)
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Figure 4-45. Response:of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 15 MHz, Dp = 6 MHz)
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Figure 4-46, Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Sigmal
(B =15 MHz, Dp = 6 MHz)
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Figure 4-47. Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 20 MHz, Dp = § MHz)
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Figure 4-48. Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 20 MHz, Dp = 6 MHz)
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Figure 4-49. Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse
Test Signal (B = 30 MHz, Dp = 6 MHz)
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Figure 4-50. Response of a Flat FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 30 MHz, Dp = 6 MHz)
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Figure 4-51. Response of a Flat FM Television System Having
a 3-Pole Chebyshev Filter to a T-Pulse Test Signal
(B =10 MHz, Dp = 6 MHz, Ripple = 0.1 dB}

4-59

0.6



09-%

OUTPUT (VOLTS)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

1Y
i |
(1§

0.1 0.2 0.3 25,0 25.1 25, 2 25.3
TIME ({4 SEC)

Figure 4-52, Response of a Flat FM Television System
Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 10 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-53. Response of a Flat FM Televigion System Having
“ a 3-Pole Chebyshev Filter to 2 T-Pulse Test Signal
(B =12 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-54, Response of a Flat FM Television System
Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 12 MHz, Dp = § MHz, Ripple = 0.1 dB)
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Figure 4-55. Response of a Flat FM Television System Having
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(B = 15 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 5-56. Response of a Flat FM Television System

Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
(B =15 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-57. Response of a Flat FM Television System Having
a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 10 MHz, DIJ = 6 MHz, Ripple = 0.1 dB)
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Figure 4-58. Response of a Flat FM Television System

Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 10 MHz=, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-59. Response of a Flat FM Television System Having
a 4-Pole Chebyshev Filter to a T-Pulse Test Signal

(B =12 MHz, Dp =6 MHz, Ripple = 0.1 dB)
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Figure 4-60. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B =12 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-62. Response of a Flat FM Television System

Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B =15 MHz, Dp = 6 MHz, Ripple = 0.1 dB)

25.4



OUTPUT (VOLTS)

0.7

0.6

0.5 Fr
0.4

0.3

0.2

Figure 4-63. Response of a Flat FM Television System Having

a 4-Pole Chebyshev Filter to a T-Pulse Test Signal

(B = 20 MHz, D_

= 6 MHz, Ripple = 0.1 dB)

4-71

T ‘é:;:
T i
! : H i ?:
0.1 0.2 0.3 0.4 0.5 0.6
TIME (MSEC)



ZL-?

QUTPUT (VOLTS)

0.7

0.6

0.5

0.4

0.3

0.2

-0.2 HH

-0.3

T
1
R T
T 1 q T 11
T T 1 Inan) RD R 7 Tt H
1 1T " i I . T e

s

0.1 0.2 0.3 25,0 25, 1 25.2 25,3
TIME (4 SEC)

Figure 4-64. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 20 Milz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-65. Response of a Flat FM Television System Having
a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B =30 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-66. Response of a Flat FM Television System
Having a 4-Pole Chebyshev Filter to a T~Bar Test Signal
(B =30 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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Figure 4-67. Response of a Preemphasized FM Television System
Having a 3-Pole Butterworth Filter to a T-Pulse Test Signal
(B =10 MHz, Dp = 5 MHz)
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Figure 4-68, Response of a Preemphasized FM Television System
Having a 3-Pole Butterworth Filter to a T-Bar Test Signal
(B = 10 MHz, Dp = 5 MHz)
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Figure 4-69. Response of 2 Preemphasized FM Television System
Having a 3-Pole Butterworth Filter to a T-Pulse Test Signal
(B =12 MHz, Dp = 5 MHz)
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Figure 4-70. Response of a Preemphasized FM Television System
Having a 3-Pole Butterworth Filter to a T-Bar Test Signal
(B =12 MHz, DP = 5 MHz)
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Figure 4-71. Response of a Preemphasized FM Television System
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Figure 4-72. Response of a Preemphasized FM Television System
Having a 3-Pole Butterworth Filter to a T-Bar Test Signal
(B = 15 MHz, Dp = 5 MHz)
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Figure 4-73. Response of a Preemphasized FM Television System

Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
(B =10 MHz, D
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Figure 4-74. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 10 MHz, I)p = 5 MHz)
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Figure 4-75. Response of a Preemphasized FM Television System
Having a 4-Pole Buiterworth Filter to a T-Pulse Test Signal
(B =12 MHz, Dp = 5§ MHz)
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Figure 4-76. Response of a Preeamphasized FM Television System

Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 12 MHz, Dp = 5 MHz)
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Figure 4-77. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
(B = 15 MHz, Dp = 5 MHz)
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Figure 4-78. Response of 2 Preemphasized FM Television System

Having a 4-Pole Butterworth Filter to 2 T-Bar Test Signal
(B = 15 MHz, Dp = 5 MHz)
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Figure 4-79. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
(B = 20 MHz, DIJ = 5 MHz)

4-87



88-¥%

OUTPUT (VOLTS)

0.7 1

0.6

0.5

0.3

0.2

0.1 FEs

_00 1

_0_2 maw=:

Hh—

0.1 0.2 0.3 25.0 25.1 25. 2
TIME (L SEC)

Figure 4-80. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 20 MHz, D =5 MHz)
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Figure 4-82. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 30 MHz, Dp = b MHz)
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Figure 4-83. Response of a Preemphasized FM Television System
Having a 3-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 10 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-84. Response of a Preemphasized FM Television System

Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
(B =10 MHz, D_ =5 MHz, Ripple = 0.1 dB)
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Figure 4-85. Response of a Preemphasized FM Television System

Having a 3-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 12 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-86, Response of a Preemphasized FM Television System
Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
{B =12 MHz, Dp = 5 MHz, Ripple = 0.1 dB)

25.3

25.4



OUTPUT (VOLTS)

0.7

0.6

0.5 ¢

0.4

0.3

0.2

JHHECE

$ARN

0 0.1 0.2 0.3 0.4 0.5

TIME ({4 SEC)

Figure 4-87. Response of a Preemphasized FM Television System
Having a 3-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 15 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-88. Response of a Preemphasized FM Television System

Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 15 MHz, D,=5 MHz, Ripple = 0.1 dB)
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Figure 4-89. Response of a Preemphasized FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 10 MHz, Dp = 5 MHz, Ripple = 0,1 dB)
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Figure 4-91. Response of a Preemphasized FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 12 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-92. Response of a Preemphasized FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B =12 MHz, Dp =5 MHz, Ripple = 0.1 dB)
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Figure 4-93. Response of a Preemphasized FM Television System
Having a 4-Pole Chebyshev Filter to a T-Pulse Test Signal
(B = 15 MHz, Dp =5 MHz, Ripple = 0.1 dB)
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Figure 4-94. Response of a Preemphasized FM Television System
Having a 4-Pole Chebyshev Filter to a T-Bar Test Signal
(B = 15 MHz, Dp = 5 MHz, Ripple = 0.1 dB)
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Figure 4-98. Response of a Preemphasized FM Television System
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Figure 4-99. Response of 2 Preemphasized FM Television System
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Having a 3-Pole Butterworth Filter to a T-Bar Test Signal
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Figure 4-101. Response of a preemphasized FM Television System
Having a 3-Pole Butterworth Filter to a T-Pulse Test Signal
(B =12 MHz, Dp = 6 MHz)
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Figure 4-102. Response of a Preemphasized FM Television System
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Figure 4-105. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
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Figure 4-106. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 10 MHz, Dp = 6 MHz)
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Figure 4-107. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
(B =12 MHz, D_ = 6 MHz)
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Figure 4-108. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B =12 MHz, Dp = 6 MHz)
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Figure 4-109. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T~-Pulse Test Signal
(B =15 MHz, Dp = 6 MHz)
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Figure 4-110. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B =15 MHz, Dp = 6 MHz)
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Figure 4'-111. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
(B = 20 MHz, Dp = 6 MHz)
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Having a 4-Pole Butterworth Filter to a T-Bar Test Signal
(B = 20 MHz, Dp = 6 MHz)
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Figure 4-113. Response of a Preemphasized FM Television System
Having a 4-Pole Butterworth Filter to a T-Pulse Test Signal
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Having a 3-Pole Chebyshev Filter to a T-Bar Test Signal
(B =10 MHz, Dp = 6 MHz, Ripple = 0.1 dB)
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-Pole Chebyshev Filter to a T-Pulse Test Signal
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SECTION 5 - CONCLUSIONS

Several conclusions can be drawn from this frequency modulation distortion analysis
for television transmission. The conclusions are based on the computed distortions
of a T-pulse-and-bar test signal which passes through the computer-simulated system.

The conclusions are:

An FM television transmission system can be modeled for computer simulation of a
well defined signal in the time domain from the videc input terminals to the video

output terminals.

If preemphasis is employed, a Chebyshev predetection filter produces more signal
distortion than a Butterworth filter having four poles and the same half-power band-
width, Without preemphasis no significant difference between Butterworth and

Chebyshev filters was observed.

Whether a Butterworth or Chebyshev filter is used, a four-pole filter produces more

distortion than a three-pole filter.

An increase in the RF predetection bandwidth reduces the system distortion if all

other parameters remain fixed.

An increase in the peak deviation of a system increases the system distortion if all

other parameters remain fixed.

The T-pulse-and-bar test signal is distorted more in a system utilizing precmphasis

than in a flat system, which does not employ preemphasis.

The case producing the worst distortion (Figure 4-121) is a preemphasized system
utilizing a four-pole Chebyshev predetection filter, having a ripple bandwidth of
10.0 MHz, corresponding to a half-power bandwidth of 12.13 MHz. This bandwidth,
which is approximately twice the peak deviation of 6.0 MHz and significantly less
than Carson's bandwidth, produces an overshoot distortion of only 9. 9%-less than
the C.C.I. R. limit of 13% (Reference 6). This is achieved without any equalization

in the system.

5-1
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APPENDIX A - PREEMPHASIS AND DEEMPHASIS FILTER ANALYSIS

A.1 INTRODUCTION

The impulse responses of preemphasis and deemphasis filters for 525-line I'M television
transmission are derived from the circuits recommended by C,C. L R. (Reference 1).
The transfer functions are first derived from the specified circuits. Then the impulse

responses are calculated from the transfer functions.

In Reference 1 the configurations and component values of preemphasis and deemphasis
filters are specified for different television systems. For the case of the 525-line tele-
vision system, the filter configurations are shown in Figure A-1 and A-Z, while their

component values are tabulated in Tahles A-1 and A-2, respectively.

Figure A-3 shows the preemphasis magnitude and phase characteristics for a 525-line
television system which, besides the intrinsic frequency response of a passive filter,
includes a constant amplification of 3.39000 dB. This is equivalent to a voltage multi-
plication factor of 1.479. Similarly for the deemphasis characteristic, a voltage ampli-

fication factor of 3.162278 is included,

A.2 DETERMINATION OF PREEMPHASIS AND DEEMPHASIS TRANSFER FUNCTIONS

Consider a circuit which consists of a generator at the input terminals and a black-box
network coupled to a load at the output terminals, as shown in Figure A-4. If the black-
box network is a T-section, as shown in the same figure, the elements of the impedance

matrix can be written in terms of the branch impedances of the T-section as follows:

=7 +7Z
117 %2 ‘e
-7
“12 7 “¢ (A-1)
= + z
TN



IfV, and V 9 denote the input and output voltages respectively, if az is defined by

AZ =% and if ZL denotes the load at the output terminals, then the transfer

Z _22
11722 712’
function, le(s), defined as the ratio of V2 to Vl’ is given by

<

7z 7

s) = 2 _ 12 L (A-2)
Vv A +E. 7

1 Z 11 L

Hy

It Za’ Zb’ Zc and ZL are known, the transfer function can be determined by Equation
(A-2). Thus, the transfer function of both the preemphasis and deemphasis filters can
be obtained if the filter networks are first transformed to T-sections without the parallel
branch across the upper pair of terminals. To achieve this, the delta-star transforma-
tion can be applied to a portion of each of the two filters. The configurations of delta and

star networks are shown in Figure A-5 and the necessary expressions of the transforma-

tion are given by Equation 1 {A-3).

. z,2,
Z
17 %t %
7 7
2”3 \
B= (A-3)
-+ + Z
Z 2, + 2, _f
Z 7
y- 173
+
2yt 2yt 2

/

where @, B, and ? are impedances of the arms of the star section.

In the case of the preemphasis filter, the portion of the filter to be transformed contains

the elements of C, Rl’ R2 on the left, and R_ on the right, which form a delta-section.

2
Then
Z, = Rl
i 1+ CRls
(A-1)
= Z =
Z2 3 R2



For the deemphasis filter, the portion of it involved in the transformation contains the

elements L, R,, R_ on the left, and R2 on the right. Similarly,

17 72
. - LRls
1 R, +Ls
(A-5)
7 = =
2 Z3 R2
From Equations (A-3)} and (A-4), for the preemphasis filter,
o - BB,
Rl + 2R2 + 2R1R2CS
2 2 {A-6)
R_+R R _Cs
g = 2 12
+2R_ +
Rl ]E{2 2R1R2(Js
Y= «
and from Equations (A-3) and (A-5), for the deemphasis filter
" LRles
2R R, + (2R, + R )Ls
R R2 + Lst
B= - 2 (A-7)
2R1R2 + (2R2 + Rl)Ls
Y=«

After @, 8, and ¥ are determined, the preemphasis and deemphasis filters can be
converted to T-sections, as shown in Figure A-6, from which the values of Za, Zb, '
and Zc and then the values of z1 , Z_ ,and z__ can be determined. Since ZL is 75 ochms

1" 12 22
as specified, the transfer function le(s) can be determined by Equation {A-2).



It Hp(s) and H d(s) denote the transfer functions of the preemphasis and the deemphasis
filters respectively, they can be represented by

4. 57032(10)8 + 608. 897s + 2. 12161(10)_432 + 2.11953(10)'1153

] -4 2 -
2.13754(10)° + 1418.22s + 3.03767(10) 45 + 2.11953(10) 1183

I (s) = (A-8)

1.28361(10) " + 1.9881(10)°s + 8. 82881(10) s> + 1.02537(10)'853 (A-9)

H (s) =
d 1.28361(10)" + 2. 84657(10)°s + 0.205638s> + 4. 79565(10) 8,3

A.3 DETERMINATION OF IMPULSE RESPONSES

To obtain the impulse responses of the preemphasis and deemphasis filters, the inverse
Laplace transforms of the expressions on the right side of Equations (A-8) and (A-9)
must be obtained. These expressions are first expanded into partial fractions having the

following form:

As+ B + C

2 2
(s-a,) +ﬂ1 2

H(s) =N +N (A-10)

2

where N1 is a numerical constant term,
N2 is the reciprocal of the coefficient of the highest-power term of the polynomial
in the denominators of the transfer functions in Equations (A-8) and (A-9),
A, B,C are real constants to be determined,
(al tijf 1) is the complex root of the polynomial,

a, is the real root of the polynomial.

The roots of the polynomials are determined by a computer subroutine available in the
CSC INFONET library. Equation (A-10) is rearranged to the form shown in Equation

(A-11) before taking the inverse Laplace transform.

A(s-q)) Ac21+ B

P g +t T \2 Zz ° _
(s-0))% *+ B4 (s-0))% B, 8-a,

H(s) =N, + N, (A-11)



The four terms on the right side are recognizable Laplace transforms of some elementary

functions the transform pairs of which are listed below.

Laplace Transforms Inverse Laplace Transforms
(1) N, B N, é(t)
(2) s-a, ot
<+
. 2+B 9 € cos(ﬁl‘t)u(t)
t
) ’ﬁ1| . . c%1 gin (lﬁl‘ ) u(t)
(s-a)) * By
a.t
@ — - e % u
2

Furthermore, the second and third transforms can be combined into the form,

Ke aqt cos { IBI t +¢) u(t),in which K and ¢ are constants to be determined.

The partial fraction expansions of (A-8) and (A-9) are given by

T A (s-a Aa, + l I C
b 1N | b ([ ) I B, 514 4D (A-12)
P pl-(s'al t B Iﬁl‘ (s-0,)" *8, 87ay
where N = 1 11
2.11953(10)

A = 9.16115(10)-5
P

= 503,718
Jf313

cp = —5.45646(10)'9



o =-5. 4976376(10)°

B~ % 4.3298779(10)%

a, = -3.3365331(10)°

Ad(s-—a’s) Ada3 +Bd

H.(s) = 0.213813 + N +
d d (s~ “3)2 +ﬁ32 |le

1
-8
4.79565(10)

where N q =

Ay= 4 43178(10)—2

4
Bj . ( )

Cq= 2.31291(10)'6

@y = -1.1754801(10)°

B3~ +5.950369(10)°

ay = -1,9370308(10)°

From the listed Laplace transform pairs one can easily find the time furc tions for the

terms involved in (A-12) and (A-13). Let hp(t) and hd(t) denote the respective impulse

responses of the preemphasis and the deemphasis filters. Then

ot
hp(t) = 4(t) - 1 e ! K, cos (

-1
2.11953(10) 1 1

ﬁll E-gprK, ©

a,t

u(t)

(A-14)



where al = --5.49’763'76(10)6
’ﬂllz 4.3298779(10)"

a, = _3.3365331(10)°

K, =9 16262(10)'5

¢ = L 79422(10)'2

K, = -5.45646(10)'9

and
a,.t a t

L e K_ cos ( ﬁ3’t~¢2) + K4e 4 u(t) (A-15)

h,(t) = 0.213813(t) +

4, 79565(10)'8 3

where a3 = —1.1754901(10)6
3
\33| = 5.950369(10)
_ 6
a, = -1.9370308(10)
K, = 0.0443185
-6
K, = 2.31291(10)
-2
¢, = -0.55566(10)

A.4 REFERENCE

Recommendation 405-1, Radio Relay Systems for Television (Pre-emphasis Character-
istics for Freguency-Modulation Systems) C.C.I.R. XlIIth Plenary Assembly, New Delhi,
1970, Vol. IV, Part 1.
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Figure A-1., Preemphasis Filter for 525-Line Television

Table A-1. Component Values of Preemphasgis Filter

L {uH) 17.35
CipF) 3085
R, (§% 275.8
R, (£2) 75

R (52 20.4




715§ — 7582

Figure A-2. Deemphasis Filter for 525-Line Television

Table A-2. Component Values of Deemphasis Filter

L{pH) 50.18
ClpF} 8917
R4 (€ 275.8
Ry (£2) 75

Rq (52 20.4
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APPENDIX B - DERIVATION OF THE IMPULSE RESPONSE FOR
BUTTERWORTH AND CHEBYSHEV LOW-PASS FILTERS

B.1 INTRODUCTION

The impulse responses are derived from the transfer functions for two-, three-, and
four-pole Butterworth low-pass filters and for three- and four-pole Chebyshev low-pass
filters. The filters are assumed to have an arbitrary bandwidth of wB radians per

second, where w_ is the half-power bandwidth for the Butterworth filters and is the

B
ripple bandwidth for the Chebyshev filters. The general transfer functions are usually
presented in a form such that the radian bandwidth is unity; however, replacement of

s by S? in those expressions results in transfer functions with a radian-frequency

B
bandwidth of wB. The constants required for the Chebyshev filters are evaluated for a

0.1-dB ripple.
B.2 IMPULSE RESPONSES OF BUTTERWORTH FILTERS
In Reference 1, the general transfer function of a low-pass Butterworth filter is given as

1 (B-1)
BD(S)

HnB(S) B

where Bn(s) is the Butterworth polynomial of order n. The coefficients of Bn(s), up to
the tenth order are listed in the mentioned reference. The second, third, and fourth

order Butterworth polynomials are given as follows:

B,(s) = &2 +vas+1 (B-2)
3 2

BS(S) =85 + 28 +2s8+1 {B-3)
4 3 2

B,(s) = 5 +2.6131259s" +3.4142136s +2.61312595+1  (B-4)



To obtain the transfer function of a low-pass filter with bandwidth, » , radians per

B
second, the complex frequency, s, representing jw, in Equations (B-2), (B-3), and

. 8
(B-4) is replaced by @R Let H2B(s), H3B(s), and H4B(s) be respectively the transfer

functions of the low-pass Butterworth filters of two, three, and four poles. Then

w2
B
HzB(S) = ) > (B-5)
s + \/Z_wBs * o
o
Hygl®) = 73 2 2 3 (B~6)
s + 2mBs + ZC:JBS +mB
w‘;la (B-7)
H4B(s) =

4 3 2 2 3 4
s + 2. 6131259&)]38 + 3.4142136&)}35 + 2. 6131259wBs +mB

To obtain the impulse responses, the inverse Laplace transforms of the expressions in
Equations (B-5), (B-6), and (B-7) must be determined., The expression for HZB(S) in

Equation (B-5) can be rearranged easily into a recognizable transform given by

o2
B B
Hopl®) = wB) 2 wp? (B-8)
5 +-—— +

but the rearrangement of the other two require the use of partial fractions. The inverse

Laplace transform of HZB(S)’ given by

- — t ©

b, = VB, e V2 sin ‘/23

t u(t) (B-9)

is the impulse response of the two-pole filter.



The expression in Equation (B-6) is expanded into partial fractions as shown in

A (s -a) A o, +B C
Hofs) = — 5 * L R (B-10)

s-apt+pl s-ap’ e8] P72

where (al + ml) is the complex root
a, is the real root of the denominator of (B-6)

Al, B., and C1 are coefficients of the partial fractions.

11
The roots are determined by a computer subroutine in the CSC INFONET Library.

The values of the roots and coefficients are:

ozl = -—(}.SwB

Bl = t0.8660254wB
a, =~¢p

Al = -wg

Bl = {

€1 =“m

The corresponding impulse response , h3B(t), of a low-pass three-pole Butterworth filter

is given by
ot ot
h,__(t) = |Ce 2 K. e 1 c B.lt t B-11
- . os (| 1| ) [ v @1
whereC—wB
2
A o
1
1 1 |31|
-1 |



Similarly for the case of the four-pole Butterworth filter.

+
S Azs B2 . Czs+D2 -
4B ) sz—Za s +a2 +[32 32 2a e:-:+a2 + 2 ( )
3 3 3 4 4 B4

where a3 = ~0.92387948 “n

B, = *0.38268356 <

a =-~0,38268345w

4 B
,84 = iO.92387951wB
A=-Cy
B2 = 2((:&:3 - a4) C2 -—D2

2 (o, -~} w

3 4 B

c, = =
2 2 2 2 2 2 2 2
Eﬁs )+l may) (o - 3%)} [‘“3 +B) - (@ +B4)] v (e, ~a)” (@ + B

4 2 2
wp T 2ag-a) (a, +B) Cy

2 2 2 2
@ - By - (ay * B

The two complex roots of the denominator of (B-7) are (a3 * jp3) and (a, * j34) and

the coefficients of the partial fractions are A 97 B, C

. D._. i
9 9 and 2 Since 02 and D2 are

found negative, H4B(s) can be rearranged as

(o) - i U - Wil W lc,| s -ay +lc2l a4+lDzl

(B-13)
2 2 2 2 2 2 2



The corresponding impulse response, h 4B(t)’ is given by

ot at
—_ 3 — 4 j— -—
b, gt = [e K, €08 (| Bof t - ¢2) e K, cos (|34|t ¢3)J u(t) (B-14)
2
A o +B
~ 2 21 2
where KZ_ ¢2+ ——lBS|
A o + B
-1 273 2
¢, = tan
2 Az,ﬁsl
|c 2
N AN e ay * D,
3 2 !34
o - L (S5 5 + [Py
5 = tan ¢l 1z
B2

Thus, the impulse response of the Butterworth filters can be determined if the half-

power bandwidth is specified,

B.3 IMPULSE RESPONSE OF CHEBYSHEV FILTERS

The impulse responses of three- and four-pole Chebyshev filters are derived in
this paragraph, but first some general properties of Chebyshev filters are presented.

The frequency response of the n-pole Chebyshev filter is given by

2 1
= s 3 (B-15)
L+ € T (w)

an {w)

where Tn(w) is the Chebyshev polynomial of order n and ¢ is the ripple factor.



Some properties of this response are given below

1. In the passband, the maximum value of Hn C(w) is unity which occurs when
Tn(w) = (0, and the minimum value is 5 which occurs when Tn(w) =1,
1 +¢
2, an(()) =1 for all odd n, corresponding to the maximum values in the pass band.
1
3. |H 0){ = === for all even n, corresponding to the minimum values in the
nC( ,/1 Le 2
pass band.
1
4. |H (1)l = === for all n, corresponding to the minimum values in the pass band.
nC( J 1+ e2

From these properties it is clear that the ratio of the maximum to the minimum power
2
response in the pass band is given by 1 + ¢~. Therefore, when a ripple is specified

by R in decibels, the ripple factor can be calculated by

e =Y10 -1 (B-16)
For example a ripple of 0,1 dB, i.e. R = 0.1, yields a ripple factor of 0.152302.

The transfer function of a given Chebyshev filter has the form:

G
H (s) = SR b aen (B-17)
n-1 Tt 1 0
where bn o b 0 are positive real coefficients of the polynomial in the denominator,

and G is the real constant to be determined to satisfy the properties of

H (w)l
nC
mentioned previously. The roots, 8,7 of the polynomial are given in Reference 1 as

follows:

v+ 1)@ 2v+ )y
v h7m + i coshcf)cos-(—y-—ll-—- v=0,1,2,..., n-1

= -ginh i
s, i ¢ sin ™ o :

(B-18)



2+ 1 + L ~ 12 + 1 + L
where sinh ¢ £ £ £ €
2
1 1/n 1 -1/n
1 1
e2 ¥ 1 + >y €2 + 1 + Py
and cosh ¢ = >

The constant should be determined by setting s = 0 in Equation (B-17) and noting that

-G _
HDC(O) = bo = 1, for odd n (B-19)
1
HnC(O} = bo = — , for even n (B-20)

as required by the properties of an(w) mentioned previously.

For the case n = 3, the transfer function HSC(S) of a low pass three-pole Chebyshev

filter has the form:

G
1

HSC(S) = (B-21})

2 2
(s —2als+a1 + ,61) (s—az)

where « Lt j Bl is the complex root of the polynomial,

o g is the real root of the polynomial, and

G 1 ig a constant to be evaluated.

Similarly for n = 4, the transfer function H4C(s) of a low-pass four-pole Chebyshev filter

has the form:

G
2

H,.(s) =

aC (B-22)

(s —2a35+a§ +B§) (52—2a4s+ai+ ﬁ4)



where (a3 + j33) and (a4 + jﬁ4) are the two complex roots of the polynomial, and
G2 is a constant to be determined.

To obtain the transfer function of a low-pass filter with ripple bandwidth Wro

replace s in Equations (B-21) and (B-22) by wSB. Then
& w 3
Hsc(nf )= 2 . QB 2 - (B-23)
B (s —2a5s +oz5 +ﬁ’5) (s - aG)
where oc5 = al “ 5
Bs = By v

and
4
4C | w 2 2 2 2 2 2 -
B - + o -
{s 2a7s 7+ 37) (s 2a83+a8 + ‘38)
where oz7 =a3 mB
By =By g
=¥
*s T4 ¥B
Bs=5413

To obtain the impulse responses, the right sides of Equations (B-23) and (B-24) are
expanded into partial fractions and then the inverse Laplace transforms are taken. This
procedure has been described previously and is not repeated here, but the results of

calculations involved are given below.



The value of R is specified to be 0.1 dB; therefore, € = 0.152302.
By Equation (B-18), the values of the following roots are obtained, and by Equation (B-19)

G. and Gr2 are determined:

o, = -0.484703
Bl = +1.20616

a, = -0.969406 (B-25)

G, = 1,63806

a, = -0,264156
By = tl.12261

oy -0.637730 {(B-26)
B, = +0.4650
G2 = 0.819025
S . ] . .
HSC(w ) and H4C ( )m partial fractions are given below.
B B
A As+B C
8 _ 1 1 1
5 BB
where A1 = -C1
B, =0
1
3
Gl wB
C1 = 5
(g =) * B
and
H (S)_ i , 2t (B-25)
4C \“p/ 2 2 2 2 -
(s-a) + B, (s-~a) + B



where A_ = -C

2 2
B, = 2(a, - a;) C, - D,
_ 2 (g = ag) Dy
, 2 2., ]
(ﬁ’Z-BS) (a7 —as) (a7 - aS)
2 2 4
. [(By -Bg) * (2 —ay) (a, -3ag)] G, “p
2 2,2 .2 2 2 5 2 2 2
e, - o) (ag T * [, + B) - (g + B (B - BY) + (eey - 3]

Let h3 c(t) and h 4 C(t} denote the required impulse responses of low-pass three-pole
and four-pole Chebyshev filters with wy specified. Then

et ot

~ 6 5
hSC(t) = |:C1 e -e Kl cos ( |ﬁsl t - qfal):l u(t) (B-29)
o
whereK1=Cl 1+ —Hz
sl
-1 %5

and
cx,_‘,t _ a8t
byt = [e K, cos (|B7|t—¢2) -e K, cos (IBSI t- ¢3)] u(t) (B-30)
A o + B 2
_ 2 21 2
where Kz—Jj; + IB7|
Aa + B
-1 27 2
¢_ = tan
2 Ay 4]

B-10



2 Iczl “8+|Dzl 2

A
I
Q

3 2 ] By|
¢, = — Iczlzas ;BSlIDzl

Thus, the impulse responses can be determined for three- and four-pole Chebyshev

filters if the ripple bandwidth is specified.

B.4 REFERENCES

1. Louis Weinberg, Network Analysis and Synthegis, McGraw-Hill Book Company, Inc.,
1962
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APPENDIX C - LISTING OF COMPUTER PROGRAMS

C.1 COMPUTER PROGRAM 1

% TPULSE: TO GENERATE T=-PULSE
¥ DT=STEP SIZE

B ot e e e e e
DIMENSION X(1800)+Y{1800)

J e e ————— e o e
% TIME-TNTERVALS:

% ----------------------------------------
Ti=0.0

T3=0.1E=00b
TEND=1.BE-06

% STARTING TIME:

NT=1.0E-09
W=3.14159265%5.0E06
T=T1

N=1

00 IF(T .GT. TI)GOQOTO 20
A=W® (T}

X(N}=0.TOHSIN(A) B4

Y (N) ==X {N)

GOTO 50

20 X(NI=0,T7

Y{NI==0.7

S0 T=T+DT

IF(T «6T. TENDIGOTO 1000
N=N+1

GOTO 500

Q’. -----------------------------------------
1000 WRITE(1le®) X
WRITE(12s%)Y
WRITE(6+100) (X (I)s1=1+1800)
WRITE(B+101)

101 FORMAT(/1Xe0Y(T)i0/)
WRITE (61001 (Y(I)eI=1slB00)
100 FORMAT(1X+SELl4,6)



C.2 COMPUTER PROGRAM 2

% TRULSE: TO GENE=ATE T-PULSE
w DT=STEP SILE

- e . e e TR M S A e WD E e A A A R e e S

I"I"«"l:l‘\.b'l()"l X(H10)
-}..

¥  TIMF=INTERVALS:

U ________________________________________
Tl1=0.

T3=0. dE uH

TEND=0.8E-06

B o o o o T A o e e e e e =
% STARTING TIME:

L mmmmm e mm e — A E e m e W ———————

PT=le0b=09
w=3,14199265%5.0F ¢
T=T1

00 IF(T .G6Te T3)a0TO 20

Azw#T

A(NY=0 ., 7GR IN(A) #%s

GNTL S0

20 X(N)=DL0

S0 T=T+DT

IF(T «GTe TENDIGOT 1000
=N+ 1

CUTO 500

1000 WRITE(1le¥)X

WRITF(12+4100) (X(I)eI=1s800)
100 FORMAT (1Xa9EL14,6]

C.3 COMPUTER PROGRAM 3

+  TPULSE: TO GENT<ATE T~-PULSE
w DT=STEP SIZE

NIMENSION X(1900)

1=0.htE=06h
T2=0.7F=06



T3=1.4E-Ub
Ta=la4bE=-06h
TFHD=1.83E-06

@, STARTING TIME:

(i T=l.0E=09
wz3,14159265%5,0E06
T=0.3

X(NI==0a420

070 S0

20 IF(T +GT. T2)60T0 30
b=zw# (T=T1)

ANY Sl THSINCAY #¥2~0.7
COTO S50

30 IF(T AT T3IGDTU 40
X(N)Y=0450

GOTO 50

40 IF(T «taTe Ta)Yil0 6U
A=w® (T=T.4)

XN ZQTURCOS LAY #A2=1) 20
0T 50

O A(r)==0a420

54 T=T+0T7

TF(T L6Te. TENUDIGUTH 100U
f=pn+ ]l

GOTU H00

1000 CONTINMUE

wRTTE(LL e} X

wHITE (6ol ueDTen

101l FOHMAT(lxo'T-amH:FRE(HAD)='.EIE.belxs'DT=';E12.6-1X;%
1EQINTS=va14/)

WRITE(6&aLl02)

102 FORMAT(LXe%DATa STOREDR IN FILE: FBAKRLV//)
ARITE(LOL100) (X (L) s I=]aN)

100 FORMAT (1Xe9EL4.H)



C.4 COMPUTER PROGRAM 4

¥  TPULSE: TD GENF=ATE T=rULSE
¥ DT=8TEP SIZE

Tl=0.0
T;?:UohE-\JE)
Ta=0.HE-06
TEND=]l.4E=-086

*  STARTING TIMt:

NT=] o F =04
H=3.14159265%5,0E0A
T=T1

a=]

500 TIFI(T «GT. T2)G46T0O 4U
X{iN)==0,.20

GOTY 90

40 IF{T «GT. T3)GOTO 2V
A=wH{T=T¢)
X(NY=D,TIaSIN{A)#52=0,20
GOTU S0

20 X({ht==0,20

G T=T+DT

TFAT «6T. TENDIGOTO 1000
MN=n+1

GHOTO 5040

1000 wHRITE(1ls®)x

W TTE (1241002 (X (1) e I=lals00)
100 FORMAT{1Xs9E]la,6)

C.5 COMPUTER PROGRAM 5

% PRDIMP: IMPULSE RESPONSE OF PREEMPHASIS FILTER
DIMENSION X(2000)

% CONSTANTS:

A=9.16115E-05
B=503.718



C==5.45646E~-09

ALPHAl==5,4976376E06

ALPHAZ==3,3365331E06

BETA=4,3298779E04

Al=(A#+ALPHAL+B) /BETA

AZ=AL/A

AK=SQRT (A%A+ALl#AL)

PHI=ATAN(AZ)

€2=1.0/2,11953E~11

M=2000

T=0.0

DT=1.0E-09

q, ----------------------------------------------
DO 10 I=1eN

Cl= EXP(ALPHAI*T)“AK*COS(B&TA“T =PHI)+CREXP(ALPHAZHT)
X{I)=C1%#C2

T=T+DT

10 CONTINUE

B o o e R e
WRITE{L1]ls#}X

WRITE(69102)

102 FORMAT(1Xs*PREIMP:PREEMPHASIS RESPONSE*+2Xe'DATA STORED %
IN FILE:FPRIMTY//)

WRITE(6s101)(X(I)sI=1eN)

101 FORMAT(1Xs9E14,.6)

C.6 COMPUTER PROGRAM 6

% DEIMP: IMPULSE RESPONSE OF DEEMPHASIS FILTER
DIMENSION X (1800}

% CONSTANTS:

Az4,431T7RE-02
R=52096.6
C=2.31291E~-06
ALPHAL=-1.,1754901E06
ALPHAZ2==]1.9370308E06
BETA=5,950369E03
Al=(A#ALPHAL+B) /BETA
AZ=Al/A

AK=SQRT (A#A+Al1%A])
PHI=ATAN(AZ)}

=1800

T=0.0
DT=1.0E-09
Cl=1.0/4,79565E-08



B emmme——eeeesmeee——eeremeeEEEe—eeese-e—————————

PO 10 I=1leN

Co2=EXP(ALPHAL#T) #AK#COS(BETA#T=PHI) +C#*EXP (ALPHAZ*®*T)
X{I)=C1#C2

T=T+DT

10 CONTINUE

WRITE(6s101)

101 FORMAT(1Xs'DEIMP:DEEMPHASIS RESPONSE'/)
WRITE(6102)

102 FORMAT(1Xs'DATA STORED IN FILEIFDEIMT/)
WRITE(6+103)AKsPHIsC1

103 FORMAT(/1X93(El4.6+1X)/)

WRITE(1Lla%#)X

WRITE(6+4100) (X(1)aI=1sN)

100 FORMAT({1Xs9EL14,6)

C.7 COMPUTER PROGRAM 7

% SINPUL: TO FORM COMPOSITE SIGNAL

DIMENSION SIG(1800)+SIGLl(1800)sPRE(1800)+Z2(1800)sY(1800) 9%
X(1800).W(1800)

READ(11»*)SIG

FEAD(12»%#)SIGI

READ(13+%)PRE :

¥ ~————eemecse—c—rss—Assessecc———————==

Mz=1200

DT=1.0E=09

Y eceemes e e e em— - .- - - - - -

% CONVOLUTION & #14479

D, e o e e e e T
N0 10 I=1leM

S=0'0

S1=0.0

L=1

No 20 J=1ls1

S=DT#SIG(L)#PRE(J) +S
S1=DTH#SIGLILY#PRE(U}+51

L=L~-1

20 CONTINUE

Z{I)=(SIG(I)-S)#®1.,479
X{1)=(SIGLI(I)=S1)#1.479

10 CONTINUE

I emmmm—— e m— - ——————————— - —— =
%  FORMING THE COMPOSITE SIGNAL

Ch en T T e e e o
A=0.,2/3.1022T77



p1=0.5/3.162277
DO 199 I=1sM
Z{1y=Z(1)-A
X(I)=X(I)+Al
169 CONTINUE

DO 200 I=1+600
Y(I)==A

wil)=al

200 CONTINUE

DO 601 1=601+1800
Y(1y=Z{1-600)
W(I)=X{I-600)
601 CONTINUE

100 FORMAT(1Xs9E14,6)

WRITE(14.2)Y

WRITE(15+%) W

WRITE(6+103)

103 FORMAT (1Xs'COMPOSITE SIGNAL=-1+STORED IN FCOMT1t/)
WRITE(69100) (Y(I)aI=1s1800)

WRITE(&9104)

104 FORMAT(/1X9'COMPOSITE SIGNAL=-2sSTORED IN FCOMTZ'/)
WRITE(69100) (W(I)eI=1+1800)

STOP

END

C.8 COMPUTER PROGRAM 8

v SINPUL: TO FORM COMPUSITE SIGNAL
DIMENSIUN SIG(801)4PRECIHO0) «£(B00) Y (1400)
PEAD (I L»#)SI0

READ {12+ %)} PRE

b

20 J=lsl
C=pT#STotL) *krE (J)+S
L=L-1

20 CONTIWUE

T =(8]u(I)-5)y#]1 .79
10 CONTInUE

" e o . i - - - ——— -

f1=[102/301h2d?7
N 199 [(=ileM
I =Z(1)~A



199 CunNnTINUE )
103 FORMAT (/LA YCOMPOSITE SIGNAL«STORED IN FCOMF1'//)
MO 200 I=le+600

Y(I'==-2

200 COMTINUE

NG 201 1=60le1600
Y(I)=2{1=-n00)

201 CONTINUE

wrITE(13e) Y

WHRITE(Be103)

YRITE(AWINOY (Y(I)al=]lal4Oh)
100 FORMAT (1 XeSBELl14.6)

STOP

Faify

C.9 COMPUTER PROGRAM 9

¢  SINCOS: TO GET SIN & COS OF PHI(T)

Y —mmememmmmmmEmee— e mme—eEA————M—Eees~ee—————a———-
% Y(I): RESULTS OF INTEGRATION

- FLCOS: C0S 0OF PHIC(TY

+ FLSIN: SIN OF PHICT)

% Db FEAK GevIaTlON

DIMENSION Z()140U0)+Y{1400)sFLCOS(1400) «FLSINI1400Q)
FEAD(11w%) 2

L e e o TS e e

v=1200

NT=1.UE~0Y

Ne=5.0E06

hrK=6,0%3,14159265%0P

*  INTEGRATION TO RET PHI(T)

Y(1)=Z(1)#D7

B0 30 I=2+M

Y{I) =y (I=-1)+ZCD)®DT

30 CONTINMUE

q_.'. —————————————————————————————————————————————————————
¥ TAKE CO0S & Siw

10 40 I=1eM
AA=AK®Y (]}
FLCOSII»=COS5(AA)
FLSIN(I)I=SINLAA)
40 CUONTINUE

wh[TE(L2e%)FLCUS

VRITE (L3«#}FLSIN

wRITE (Hsl540)

150 FORMAT(1Xs'PROGRAM TO GENERATE COS(PAI) & SIN(PHI) =%
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-— STuUrED In FPCOS~eFPSINGY//)
e ITE (Re 191 DP DT et

151 FORMAT (LXe ' PEAR=DEVIATIONS ot Lot 2Xs PSTEP-SIZE=1sE]l2.0r %
PXWPOINTS=Y4][5//)

193 FORMAT (I Xe3E14,.6)
wHITE(64155)

ihs FORMAT(/ 1A« 'COS(I)r/)
wHITE (6e133) (FLCOS(I)el=]aM)

¢ RITE (b 156)

1596 FORMAT (/ 1Xa'SIN(I)IY//)
wHITE (64193 {FLSIN(IY eI=] M}
STOR

Feid

C.10 COMPUTER PROGRAM 10

% SN3BF: SYMMETRICAL 3~POLE BUTTERWORTH FILTER RESPONSE
% FB: ARBANDWIDTH HZ

* DT: STEP SIZE

% T: TIME

e e e e e e
DIMENSTION X(1800)

L - = e o Sl B =
FB=15.0E06

W¥B=2,.0%3,14159265+%F8B

N=1800

0T=1.0E=-0%

T=0,0

R e b T e e e St et

ALPHAL==0.5%WH

ALPHAZ==1.0%WHB

BETAl=0.8660254"W8

C=wWB##3/(BETALl#%#2+ (ALPHAL=ALPRHAZ) ##2)
B=(2.0%ALPHALl=-ALPPHAZ)*C

A==-C

AK=SQRT (A#A%#(].0+a_PHAl®ALPHAL/BETAL/BETAL))
PHI=ATAN(ALPHAL/BETAL)

DO 10 I=leN

X({[)==AKSEXP (ALPHA1#T)#COS(BETAL1#T-PHI} +C#EXP (ALPHAZ#®T)
T=T+0D7T

10 CONTINUE

§ mrermecem—meAsE——eE———m e EmEmEEm e EeE e .-
WHITE(6+100)

100 FORMAT(1X+*3-POLE BUTTERWORTHsSTORED IN FS3BT3¢//)
WRITE(6s101}FBaDTeN



101 FORMAT(1Xs'BANDWIDTH:FRB(HZ) =V sEl4.692Xe*STEP-SIZE=1+%
Fl4.692Xe tPOINTS=t,15//)

WRITE(6+103)CoeBeAKsPHI

103 FORMATI(1X st C=tyEl14.692Xe BV yEla,B9Z2Xhe ' AK=V0%
EldebBsl2XetPHI=VsFldaeb//)

WRITE(1)le®)}X

WRITE(As102)(X(I)eI=1eN)

102 FORMAT(1Xs9E14,6)

STOP

END

C.11 COMPUTER PROGRAM 11

% SN4BF: SYMMETRICAL 4-POLE BUTTERWORTH FILTER RESPQONSE
% FB:BANDWIDTH HZ

% DT3STEP=-SIZE

% T:TIME

l} ————————————————————————————————————————————————————————
DIMENSION X(1R00)

§ memmmmceeseerr—cesmeemEmem e memeamE- - —SEemes————————
FBE=12.0E06

WA=Z2.0%3,141592654FB

N=1800

DT=1.0E=-09

T=0.0

% eemmemm—meem— s cssmceesmsE— -t m—————————— - ——

ALPHAL=={,92387T9484wWR
ALPHAZ2=-0,38268345%WR
BETAl1=0.38268356%WH
BETA2=0,92387951%wR

AAl=(BETAL##2-BETA2##2)+ (ALPHAl=ALPHAZ)* (ALPHAl=3,0%ALPHAZ)
AAZ=(4,0® (ALPHALl~AL PHAZ) #82) % (ALPHAZ®##2+BETAZ2##2)
AA3=(ALPHAI##2+BETAL##2) ~(ALPHAZH##2+BETAZ#*2)
Y mmdmmmem e A A e e, SR A E S S — S — AR SS S m S mA - ———————
D= (WB##4/ (AAZ+AA3RAAL) ) *AAL
C=2.,0%({ALPHALl=ALPHAZ)*D/AA]L
R=2,04(ALPHAL=-ALPHAZ)})*®*C=D

== :

WYRITE (6+100)

100 FORMAT(1X9'4=POLE BUTTERWORTHSSTORED IN FS4BT2'//)
WRITE(6s101)FBeNsDT

101 FORMAT(/1Xys 'BANDWIDTHIFB(HZ)='sE14.6+2XK9s'POINTS=14%

I1S+2Xs 'STEP=-SIZE(SEC)="9E14.6//)
WRITE(6+102) ALPHAL +ALPHAZ2BETAL +BETAZ

102 FORMAT (/1 XsVALPHAL=Y9E14.692Xs "ALPHAZ=V9E14,692X9'BETAL="+%
Flé.6s2X«'BETAZ=sF14.6//)

WwRITE(6s103)A+sBaCeD
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103 FORMAT(1X9'A=VsE14e6s2Xe?B=tsE14,692Xs 1C=19E14.692X0%
10=19E14.6//)

9! _____________________________________________ - —
ABC=ABS(C)

ABRD=ABS (D)

AK1=SQRT (A®A+ ((A®ALPHALl+B)/BETA]l) #%2)
PHII=ATAN(({A¥ALPHAL+RB) /A/BETAL)

AK2=SQRT (ABC*ABC+ ( {ABCH#ALPHAZ2+ABD) /BETAZ) #%2)
PHI2=ATAN((ABC®*ALPHAZ+ABD)/ABC/BETAZ2)

f e r - - S e S =
DO 10 I=1.N

X(I)=AKI#EXP (ALPHA1#T)#COS(BETAL4T=PHI1) ~AK2*EXP (ALPHAZ#T) #%
COS(BETA#T-PHIZ)

T=T+DT7
10 CONTINUE
B o ot e T T

WRITE(62104)AK1sPHI19AK2sPHI?

104 FORMAT(1XsVAK1 4PHILsETC:'e4 (E1l4.692X))
WRITE(Lls®}X

WRITE(69105)(X(I)eI=1eN)

105 FORMAT(1Xs9E14.6)

C.12 COMPUTER PROGRAM 12

% SN3CF: SYMMETRICAL 3-POLE CHEBYSHEV FILTER RESPONSE

% FB: BANOWIDTH w“HZ

% DT: STEP SIZE

% T: TIME

P o e e A W A S S S = =
DIMENSTON X(1800)

B o e o e
FE=15.0E06

WH=2.0%3,14155265#FH

N=1800

0T=1.0E-09

T=0.0

} mmcmmcereee—mmsA—mEE— A EE,———— - m—— .S EE TS .-

ALPHALl==0,484703%wR

ALPHAZ==0.969406%WR

BETAl=1,20616%WB
C=1.63806%WB293/ (BETAL##2+ (ALPHAL=ALPHAR2) ##2)

B= (2, 0%ALPHA1-ALPHA2) #C

p==C

§ memermm—eeeseEsemrE——e——meeEmm——— e eeeme—————————————
AK=SQRT (A%A® (1, 0+ALPHA1#ALPHAL/BETAL/BETAL))
PHTI=ATAN(ALPHA1/BETAL)

C-11



DO 10 I=1sN
X (I)==AK®EXP (ALPHA1®#T)#COS(BETAL#T=PHI) +C#EXP (ALPHAZ#T)

T=T+DT
10 CONTINUE
et

WRITE(6+100)

100 FORMAT(1Xs?3=POLE CHEBYSHEVsSTORED IN FS3CT3'//)
WRITE(Gs101)FBeDTeN

101 FORHAT(lXi'BANDNIDTH:FB(HZ)="El#oﬁ’ZX"STEP—SIZE='l%
Ela.6e2Xs *POINTS=t415//)

WRITE(Asy103)CsBeACsPHI

103 FORMAT(]X!'C='9E14.60219'B='0E14-6!ZXQ'AK='9%
Fld .6 e2Xe'PHI=*sElGab//)

WRITE{1le®) X

WRITE(H+102) (X(I)eI=]1aN)

102 FORMAT(1X+9E14.6)

STOP

END

C.13 COMPUTER PROGRAM 13

%  SN4CF: SYMMETRICAL 4-POLE CHEBYSHEV FILTER RESPONSE
% FB:BANDWIDTH HZ

¢ DT:STEP~SIZE
¥

T:TIME
§ wmemmmem———eEemeeee-eeeesemm eSS esSSess—eesmme—eee—————
DIMENSION X (1800)
§, o o e e e e e

Fu=30,0E06

WB=Z2.0%#3.14159265%F8B

N=1800

DT=1.0E-09

T=0.0

B o o o e e T L T R
ALPHAL==0,637730%wR

ALPHAZ2==0.264]156%wh

BETA1=0.4650%WB

RETAZ=1.12261%#W8B

AAMI={(BETAL4#2=BETAR##2) + (ALPHAL~ALPHAZ) * (ALPHAL1<3.0#A PHAZ)
AAZ= (4.0% (ALPHAL=ALPHA2) ##2) % (ALPHAR2##2+BETAZ##2)
AA3=(ALPHAL#42+BETAL##2) - (ALPHAZ®#2+BETAZH##2)

D=(0,819025%WB##4/ (AAZ+AA3*AAL) ) #AA]

C=2.0% (ALPHA1-ALPHA2) #D/AAI

P=2,0% (ALPHAl1=ALPHA2) #C=D

pz==C

% ————————————————————————————————————————————— P T L L
WRITE(65100)
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100 FORMAT(1Xs'4=POLF CHEBYSHEV+STORED IN FS4CTSr/ /)
WRITE(6+101)FBeNsDT

101 FORMAT(/IX!'BANDWIDTH:FB(HZ)='9El4o692X"POINTS='v%

1542Xs *STEP=-SIZE(SEC)=YsE14.6//)

WRITE(6+102)ALPHAL yALPHAZ+BETALlsBETAZ

102 FORMAT(IIXO'ALDHA1='9E14-6’ZKQ'ALPHA2='9E14.692X!'BETAI='1%
Elb.6e2X9BETAZ=Y4Fla.6//)

WHRITE{(G6+103)AsBsCod

103 FORM&T(IX;'A='oEl4.692X"H='!E14.692X9'C=';El4-692X!%
tD=Y4El4.6//)

ABC=ABS(C)

ARD=ABS (D)

AK1=SQRT (A%A+ ( (A®ALPHAL+B) /BETALl) #%2)
PHI1=ATAN((A®ALPHAL1+R) /A/BETAL)

AK2=SQRT (ABC#*ABC+ ( (ARC®ALPHAZ2+ABD} /BETAZ) #%2)
PHIZ=ATAN( (ABC®*ALPHAZ2+ABD) /ABC/BETA2)

DO 10 I=1sN
X(I)=AK1*EXP (ALPHA1®*T)#COS(BETAL#T=PHI1) -AK2#EXP (ALPHAZ®T) #%
COS{BETAZ2®#T=PHIZ)

T=T+DT
10 CONTINUE
G e = e S S LSS

WRITE(6+104)AK19sPHILvAKZ2yPHIZ

104 FORMAT{L1Xs'AKLsPHILSETC: 924 (ELl4e692X)/)
WRITE(1ls#}X

WRITE (69105} (X{I)sI=1sN)

105 FORMAT (1Xs9E14.6)

C.14 COMPUTER PROGRAM 14

CONDPH: TO GET PHID(T)

FLCOS({I): COS OF PHII(T)

FLSIN(I): SIN OF PHIC(T)

HBF (1) : PREDETECTION FILTER RESPONSE
A{IYIA(T)

B{I):B(T)

PHI(I):PHI(T)

PHID(I): DERIVATIVE OF PHI(T)
AM:MOD=-INDEX

FM:MAX MOD-FREQUENCY
NIMENSION FLCOS(1800)+FLSIN(1800)+HARF {1800)+A (1800} ®
B(1200)sPHI(1200)yPHID(]1200}
READ(114+#)FLCOS

READ(12+#)FLSIN

RF R R R F R KRR R
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READ(13+#}HBF

% -----------------------------------------
% CONSTANTS:

} emcmemmecesmeree—SAne————es—SSase=— S eSS
M=1200

DT=1.0E-09

DP=5.0E06

AK=4,0%3,14159265%#NP

% mm—rem—mmem—eeeemmeemesm————aem————————
% CONVOLUTION TO GET A(T) & RI(T)

§ mmmmemmmmmr——— A A E————————————— -
NO 10 I=1sM

$1=0.0

S2=0.0

L=1

00 20 J=1l.1

S1=DT#HBF (J}*FLCOS (L) +51
S2=DT#HBF (J) #FLSIN(L) +S2
L=L=1

20 CONTINUE

A(I}=51

BE(l1)=52

10 CONTINUE

$ emme—meeemm-eeeremmmmm-m—aee-——=-eec—=-eo
DO 30 I=1+M

IF{A{]) +FG. D0.01G0TO 40

cC2=B(I)Y/A(])

PHI(I)=ATAN(CZ)

GOTO 30

40 PHI(I)=0,.,0

WRITE(641011}1

101 FORMAT(1XstA=0,0?92Xs? =915/}

30 CONTINUE

} mmmemm—mee——eesses—eess———ees—essee-—-=-=
% DERIVATIVE OF PHI(T):

§ mewmmmmr——emwm——mecssseee-—ssas——aosmes—s
Nl=M=-2

PO S0 I=1sNl
PHID(I)=(=3.0%PHI ([} +4.0#PHI(1+1)}-PHI(1+2))/(2.0%DT#AK)

50 CONTINUE

§ memmtemmc—smss—emeome—ssese-—ssssso—o-o--o

WRITE (69151)DPsMsDT

151 FORMAT (1Xs?PEAK~DEVIATION: *eE14,692Xe*POINTS=1e15,2Xs%
VSTEP=SIZE=V+E14.6//)

WRITE (145 #)PHID

WRITE(69153) (PHID (1) 91=1sM)

153 FORMAT(1Xs9E14,6)
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C.15 COMPUTER PROGRAM 15

%  COaDPA:  TO GET PHIDI(T)

“ FLCOS(I): COS OF PHIIT)

 FLSIN(I): SIN OF PHI(T)

%  HHF(I): PREDETECTION FILTER RESPONSE
% A(DYIA(T)

+ BLI)i1H(T)

% PRI(I) :PRHIAT)

w  PRID(IY: DERIVATIVE OF PHI(T)

= AMIMOD-INDEX

% FMIMAX MOD=-FREOOENCY

*

—— e D D M Y e ST W G W W R W S e R D A e W A A

DIMENSION FLCOS{140U)sFLSINCI400) +HBF{1800)+A(1400})s %
{14000 9PHTI (1400) o RPHID(1400) sHOE (180092 (1400)«Y(1400)
READ(11e#)FLCOS

FEAD{12+%)FLSIN

RFAD(139s%)HBF

FEAD (14 «%)HDE

v  CONSTANTS:

mM=1200

NT=1l.0E=-u9

NP=9,.,Ut06

AK=4 4,0%3,14159265#0P

#  CONVUOLUTION TO «ET A{(T) & BAT)
S o e kY Y = -
U 10 I=14M

$1=0.0

52=0.0

L=1

00 20 J=1+«1

S1=DT#hBF (J)#FLCOS (L} +51
S2=DTH#hnF (JY#FLSIN(L) +52

L=L~1

20 CONTIwUE

AtIN=51

FiI)=%2

10 CONTINUE

+ TO COMPUTE ATAN(H/R)
O 30 I=1eM

IF(AC(I) JFe Ue0)GNHTO 40
Cr=R{I}/a(I)
PHI(I)=ATAN(CZ)

GOTo 30

40 PHI(INI=0L,0
WRITE(6s10]1) I

3



101 FORMAT(IXe?A=0,0te2Xs =415/}
3G CONTINJE

PO RO I=1eN1
PhID(I)=(*3.0*PHI(f1+4.U*PHI(I*l)-PHI(I*ZJ)/(E.O*DT*&KJ
“0 CONTINUE

R e e o o o i T W e o e e A T T e e A e SR T S e AR TS

WRITEi6»1H1)DPsMeDT
151 FOHMAT(IX!'PtﬁK—DEVIATION:'9t14-692X1'P01NTS='9I592A1%
15TEP=SIZE=sELb4 ot/ /)

¥ CORRECTION OF POINTS

WRITF (6e112)

112 FORMAT(1Xy 9 COR=ECTED PHID'/)
iI=l

A AR=ABS(PRIDLI))

IF(AB oGT. 10006070 72

GUTO0 71

72 WRITE(6eT5) I4PHIDII=1)Y PRIV (I+2}
75 FORMAT(/1X+'ERROR POINT:*sIS92X92E14.6/)
Al=(PHID(I=-D)=PrAID(I+2)) /340
prIO([)=PRIDLI-1)=-21
FHID(T+1)=PHID(I-1) =2, U%A]

I=1+1

71 CONTINUE

I=1+1

IF(] +GTe M)GOTO H}

-0 TO 40

H] WRITE(HAs153) (PHID(I)sI=1eM)

No 201 I=601sM
Z(I=600)=PHID(I)+0.06325
201 CONTINUE

Do KU I=leNZ

$=0.0

L=1

o 70 J=1s1
S=DT#ADE (U2 (L) +>

L=L-1

70 CONTINUE
Y(I)=(Z(I)*0.213813*5)*3.162278+C1
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AOD CONTINUE

wHITE(1S5s#) Y

wITE (62102}

102 FOHMAT(/ 1Xe'FINAL OUTPUTY//)
pRITE (A 193V (Y (L) al=1aN2)

“TOP

F

C.16 COMPUTER PROGRAM 16
% CONDPr:  TO GET PHIDIT)

% FLCOS(IY: COS oF PHIA(T)

$ FLSIN(IY: SIN OF PHI(T)

+ HMHF(I): PREDETECTION FILTER RESPONSE

% A(I):i4a(T)

F RBIIYIHAT)

e  PHI(IY:PHI(T)

¥ PHID(IY: DERIVATIVE OF PHI(T)

% AMIMOU-INDEX

% FMIMAX MOD-FHREWUHENCY

$ TmmmEmer—sesesme—eoEsm——SoosSesasSSSsemEmmm

DIMENSTION FLCO:(IAUU)-FL:IN(IHOO).HuFllaUO).A(lBUU)o %
~(1800).9HI(1800}.uHIU(IHDU).HbEtluUO).ZtlBOO);Y(IbOO)
READ(11s®)FLCOS

READI(LZ+#)FLSIN

FEAD (13s%)HBF

HEAD(IA.*)HUE

L’ CONSTANTb.

Mz=1200

NT=1.0E=-0%

NP=6.0E06

AR =6G.U%3,14159265%0F

L=

na 20 J=le1
$1=DTH#HBF (J) #FLCOS (L) +S1
SP=DTHHBF (JYRFLSIN(L) +S2
L=L-1

70 CONTINUE

A{I)=51

F(Iy=52

lU CONTINUE

C-17



+ T0 CO~MPUTE ATAN(H/A)

0 3u I=1eM

IF{ACL) LEQa 0.0)R0TO 40
C2=8(I}/7A(1)

PRI(I)=aTAN{CZ)

GOTO 30

all PHI(I)=0.0

BHITE{6alul) ]

101 FORMAT(LIX«'A=0,0192Xs1]=t4]5/)
30 CONTINUE

o, DERIVATIVE GF PHI(T):

pl=mM=2

NO 50 I=laN1

PHID(I)={=3.0%PHI({]) +4. GuPHI{(I+1)~PHI(I+2)) /(2 O#THAK)
50 CONTINUE

WiRITE (6 151IDPsMaNi

151 FDHMAT(1X1'PEDK-DEVIATION:'1El4.69219'POINTS='sIS-EX-ﬁ

1STER-SIZE='9E1la44H//)
153 FORMAT(1Xe9EL4,6)

wRITE(RsLlS2)

112 FORMAT (1 Xe*CORECTED PHIDY/)
1=1

H AH=ABS(PHID(I))

IF (AB «GT. 10.0)GOYD 72

AOTO 71

772 WRITE(6«7S) 1ePHID(I=1) +PHID(I+2)
75 FORMAT (/1A *ERROR POINTI's]S5e2Xs2El4.6/)
Al1=(PHID{I~1)=PHIN(I+2)} /3.0
CHID{IY=RHID(I=-1) =21
CHID(I+1)=PHID(I=1)=-2.0%A]

I=zI+1

71 CONTINUE

I=1+1

IF(] «GTe MGOTG HI

GO TO 80

bl WRITE(E2153) (PHID(I) s I=1eM)

C1=0an0
Ne=M=600
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PO 201 [=601em
2iI-600)=PHID(I)=C?
201 CONTINUE

ng 60 I=1sN2

S=0.0

L=1

NO 70 J=lsl
S=DTHHDE (J) #Z{L) +5
L=L-1

70 CONTINUE

Y(I)=(Z (1)1 #0.213813+5)%3,162278+C1
~0) CONTINUE

L

wRITE(1De%) Y

wRITE(6s102)

102 FORMAT(/ 1Xe'FINAL QUTPUTY/ /)
RITE(ABe 1S3 (Y LI} eI=1eN2)

STUP

FND
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APPENDIX D - GLOSSARY OF VARIABLES
USED IN THE COMPUTER PROGRAMS

D.1 VARIABLES USED IN COMPUTER PROGRAM 1

A A variable which is the product of angular frequency W and time T.

DT An increment of time T,

I An integer index for a DO~Loop.

N An integer variable to count the number of points into which the time interval is

divided. It also azcts as the index of two vectors.

T The current value of time.

T1 A specified time interval.

T3 A specified time interval.

TEND The largest value of time for which calculations are made.
W Angular frequency of a sinusoidal function.

X A vector used to retain a set of calculated values,

Y A vector used to retain a set of calculated values.

D.2 VARIABLES USED IN COMPUTER PROGRAM 2

A A variable which is the product of angular frequency W and time T.

DT An increment of time T.

I An integer index for a DO-Loop.

N An integer variable to count th number of points into which the time interval is

divided. It also acts as the index of two vectors,

T The current value of time,

T1 A specified time interval.

T3 A specified time interval. .
TEND The largest value of time for which calculations are made.
W Angular frequency of a sinusoidal function.

X A vector used to retain a set of calculated values.



D.3 VARIABLES USED IN COMPUTER PROGRAM 3

A A variable which is the product of angular frequency W and time T.

DT An increment of time T. '

1 An integer index for a DO-Loop.

N An integer variable to count the number of points into which the time interval is

divided. It also acts as the index of two vectors.

T The current value of time.

T1 A specified time interval.

T2 A specified time interval.

T3 A specified time interval.

T4 A specified time interval.

TEND The largest value of time for which calculations are made.
W Angular frequency of a sinusoidal funetion.

X A vector used to retain a set of calculated values.

D.4 VARIABLES USED IN COMPUTER PROGRAM 4

A A variable which is the product of angular frequency W and time T,

DT An increment of time T.

I An integer index for a DO-Loop.

N An integer variable to count the number of points into which the time interval is

divided. It also acts as the index of two vectors.

T The current value of time.

T1 A specified time interval.

T2 A specified time interval.

T3 A specified time interval.

TEND The largest value of time for which calculations are made.
W Angular frequency of a sinusoidal function.

X A vector used to retain a set of calculated values.



D.5 VARIABLES USED IN COMPUTER PROGRAM 5

A

AK
ALPHA1l

ALPHAZ

Al
A2
B

BETA

C1

c2

bT

PHI

A coefficient in the partial fractions of the transfer function of the preemphasis
filter.

One of the two real constants of the impulse response of the preemphasis filter.

The real part of the complex root of the polynomial associated with the transfer
function of the preemphasis filter.

The real root of the polynomial associated with the transfer function of the pre-
emphasis filter.

The value of an expression used repeatedly.
The value of an expression used repeatedly.

A coefficient in the partial fractions of the transfer function of the preemphasis
filter.

The imaginary part of the complex root of the polynomial associated with the
transfer function of the preemphasis filter.

A coefficient in the partial fractions of the transfer function of the preemphasis
filter.

A portion of the expression for the impulse response function of the preemphasis
filter.

The second real constant in the impulse response function of the preemphasis
filter.

An increment of time T,
An integer index used in the DO-Loops.
An integer specifying the number of calculations.

The phase angle in the argument of the cosine term of the impulse response of
the preemphasis filter.

The current value of time,

A vector to retain the values of the impulse response of the preemphasis filter.
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A

AK

ALPHA1

ALPHAZ2

Al
A2
B

BETA

C1

C2

DT

PHI

A coefficient of the partial fractions of the transfer function of the deemphasis
filter.

One in the two real constants of the impulse response functions of the de-
emphasis filter.

The real part of the complex root of the polynomial ass'ociated with the transfer
function of the deemphasis filter.

The real root of the polynomial associated with the transfer function of the de-
emphasis filter,

. The value of an expression used repeatedly.

The value of an expression used repeatedly.

A coefficient of the partial fractions of the transfer function of the deemphasis
filter.

The imaginary part of the complex root of the polynomial associated with the
transfer function of the deemphasis filter.

A coefficient in the partial fractions of the transfer function of the deemphasis
filter,

The second real constant in the impulse response function of the deemphasis
filter,

The value of a portion of the expression for the impulse response function of
the deemphasis filter.

An increment of time T.
An integer index used in DO-Loops.
An integer specifying the number of calculations.

The phase angle in the argument of the cosine term of the impulse response of
the deemphasis filter.

The current value of time.

A vector used to retain the sample values of the impulse response function.
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A
Al

(o]

A real constant which is used repeatedly.

A real constant used repeatedly.

The value of the increment of time.

An index for DO-Loops.

An index for DO-Loops.

An index used to furnish a special order of vector components.
An integer to specify the number of calculations.

The impulse response of the preemphasis filter.

A variable used to form a summation in a convolution operation.
A variable used to form a summation in convolution operation.
A vector to retain a test signal.

A vector to retain a test signal.

A vector to retain the results of a convolution.

A vector to retain the final result formed by adding two component parts of a
test signal by the principle of superposition.

A vector to retain the final result formed by adding two component parts of a
test signal by the principle of superposition.

A vector to retain the result of a convolution.

D.8 VARIABLES USED IN COMPUTER PROGRAM 8

A
DT
I

M
PRE

A real constant which is used repeatedly.

The value of the increment of time.

An index for DO-Loops.

An index for DO-Loops.

An index used to furnish a special order of vector components.
An integer to specify the number of calculations.

The impulse response of the preemphasis filter.

A variable used to form a summation in a convolution operation.



SIG

A vector to retain a test signal.
A vector to retzin the results of a convolution.

A vector to retain the final result formed by adding two component parts
of a test signal by the principle of superposition.

A vector to retain the result of a convolution.

D.9 VARIABLES USED IN COMPUTER PROGRAM 2

AA

AK

DP

DT
FLCOS
FLSIN

A product of two variables used repeatedly.

The produce of 47 times peak deviation.

Peak frequency deviation.

Step size of time interval used in integration.

A vector used to retain values of the function cos ¢.
A vector used to retain values of the function sin ¢.
An index used in DO~Loops.

An integer specifying the number of calculations.

A vector used to retain results of integration.

A vector used to retain sample values of the modulating wave.

D.10 VARIABLES USED IN COMPUTER PROGRAM 10

A

AK

ALPHA1

ALPHA2

B

BETA1l

DT
FB

A coefficient of the partial fractions of the transfer function of a symmetrical
3-pole Butterworth filter.

A constant in the impulse response function of the symmetrical 3-pole Butter-
worth filter.

The real part of the complex root of the Butterworth polynomial associated
with the transfer function of the filter.

The real root of the Butterworth polynomial associated with the transfer
function of the filter.

A coefficient of the partial fractions of the transfer function of a symmetrical
3-pole Butterworth filter.

The imaginary part of the complex root of the Butterworth polynomial asso-
ciated with the transfer function of the filter.

Increment of time T,

Frequency bandwidth of the filter in Hez.

D-6



I An integer index used in DO-Loops.
N An integer specifying the number of calculations.

PHI The phase angle in the argument of the cosine term of the impulse response
function of the filter.

T The current value of time.
WEB Angular frequency bandwidth of the filter.
X A vector to retain sample value of the impulse response.

D.11 VARIABLES USED IN COMPUTER PROGRAM 11

A A coefficient of the partial fractions of the transfer function of a symmetrical
four-pole Butterworth filter.

AAl A real variable denoting an expression used repeatedly.

AA2 A real variable denoting an expression used repeatedly.

AA3 A real variable denoting an expression used repeatedly.

ABC The absolute value of C.

ABD The absclute value of D.

AK1 A constant in the impulse response function of the four-pole Butterworth filter.

AK2 A constant in the impulse response function of the four-pole Butterworth filter.

ALPHA1 The real part of the first complex root of the Butterworth polynomial of the
four-pole filter.

ALPHA2 The real part of the second complex root of the Butterworth polynomial of the
four-pole filter,

B A coefficient in the partial fractions of the transfer function of the four-pole
Butterworth filter,

BETA1 The imaginary part of the first root of the Butterworth polynomial for the
four-pole filter.

BETAZ The imaginary part of the second root of the Butterworth polynomial for the
four-pole filter,

c A coefficient in the partial fractions of the transfer function of the four-pole
filter.

D A coefficient in the partial fractions of the transfer function of the four-pole
filter.
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A

AK

ALPHAL

ALPHA2

BETA1

DT
FB

PHI

wB

A coefficient in the partial fractions of the transfer function of a symmetrical
three-pole Chebyshev filter.

A constant in the impulse response function of the three-pole Chebyshev filter.

The real part of the complex root of the Chebyshev polynomial associated with
the transfer function of the three-pole filter.

The real root of the Chebyshev polynomial associated with the transfer function
of the three-pole filter.

A coefficient in the partial fractions of the transfer function of the filter.

The imaginary part of the complex root of the Chebyshev polynomial associated
with the transfer function of the three-pole filter.

A coefficient of the partial fractions of the transfer function of the three-pole
Chebyshev filter.

Increment of time T.

The frequency bandwidth of the filter.

An integer index used in DO-Loops.

An integer specifying the number of calculations.

The phase angle of the argument of the cosine term of the impulse response of
the three-pole Chebyshev filter.

The current value of time.
The angular frequency bandwidth of the three-pole Chebyshev filter.
A vector to retain the values of the impulse response of the three-pole

Chebyshev filter.

D.13 VARIABLES USED IN COMPUTER PROGRAM 13

A

AAl
AAZ
AA3
ABC
ABD

A coefficient in the partial fractions of the transfer function of a symmetrical
four-pole Chebyshev filter.

A variable representing an expression used repeatedly.
A variable representing an expression used repeatedly.
A variable representing an expression used repeatedly.
The absolute value of C.

The absolute value of D.



AK1

AKZ

ALPHA1

ALTPHAZ

B

BETA1

BETA2

DT
FB

PHI1

PHI2

WB

One of the two constants in the impulse response function of the four-pole
Chebyshev filter.

One of the two constants in the impulse response function of the four-pole
Chebyshev filter,

The real part of the first complex root of the Chebyshev polynomial associated
with the transfer function of the four-pole filter,

The real part of the second complex root of the Chebyshev polynomial associated
with the transfer function of the four-pole filter.

A coefficient in the partial fractions of the transfer function of the four-pole
Chebyshev filter,

The imaginary part of the first complex root of the Chebyshev polynomial
associated with the transfer function of the four-pole filter.

The imaginary part of the second complex root of the Chebyshev polynomial
associated with the transfer function of the four-pole filter.

A coefficient in the partial fractions of the transfer function of the four-pole
Chebyshev filter,

A coefficient in the partial fractions of the transfer function of the four-pole
Chebyshev filter,

An increment of time T,

The frequency bandwidth of the four-pole Chebyshev filter.
An integer index used in DO-Loops,

An integer specifying the numbher of calculations,

The phase angle in the argument of the first cosine term of the impulse response
function of the four-pole Chebyshev filter.

The phase angle of the second cosine term of the impulse response function of the
the four-pole Chebyshev filter.

The current value of time.
The angular frequency bandwidth of the four-pole Chebyshev filter.

A vector to retain the values of the impulse response of the four-pole Cheby-
shev filter.
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A A vector representing the convolution of cos ¢ (t) with H. (1), the impulse
response of the equivalent lowpass filter of a predetection filter.

AK The constant relating peak frequency deviation to the voltage of the modulating
wave.,

B A vector representing the convolution of sin ¢ (t) with hl(t).

c2 The quotient of a component of the vector B and a corresponding component of

the vector A.
DP The value of a specified peak frequency deviation.
DT An increment of time T.
FLCOS A vector to retain sample values of cosd(t).
FLSIN A vector to retain sample values of sind(t).

HBF A vector to retain sample values of the impulse response of a prediction filter.

—

An integer index used in DO-Loops.

J An integer index used in DO-Loops.

L An integer used to furnish a special ordering for vector components,

M An integer specifying the number of calculations.

N1 An integer specifying the number of calculations.

PHI A vector, the components of which are generated by the arctangent of C2.
PHID A vector of sample values of the derivative of PHI.

s1 The summation of terms involved in a convolution operation.

S2 The summation of terms involved in a convolution operation.

D.15 VARIABLES USED IN COMPUTER PROGRAM 15

A A vector representing the convolution of cos ¢ (t) with h (t), the impulse response
of the equivalent lowpass filter of a predetection filter.

AB The absolute value of the derivative of PHI.

AK The constant relating peak frequency deviation to the voltage of the modulating
wave.

Al The value of an expression used repeatedly.

B A vector representing the convolution of sing(t) with hl(t) .'

D-10



Cl

c2

Dp

DT
FLCOS
FLSIN
HBF

—

A numerical constant which is the steady response of the deemphasis filter to
a de¢ input voltage.

The quotient of a component of the vector B and a corresponding component of
the vector A.

The peak frequency deviation.

An increment of time T.

A vector used to retain the sample values of cosd(t).
A vector used to retain the sample values of siné(t).

A vector used to retain sample values of impulse response function of the pre-
detection filter.

A vector used to retain sample values of the impulse response function of the
deemphasis filter.

An integer index used in DO-Loops.

An integer index used in DO-Loops.

An integer index used to furnish a special ordering for vector components.
An integer specifying the number of calculations.

An integer specifying the number of calculations.

An integer specifying the number of calculations to be printed out.

A vector, the components of which are generated by the arctangent of C2,
A vector of sample values of the derivative of PHI. '
A summation of terms involved in a convolution operation.

A summation of terms involved in a convolution operation.

A summation of terms involved in a convolution operation.

A vector of sample values of the final output response function of the system.

A vector of sample values of the partial final system output to which a single
constant should be added to each component to give the final output vector.
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A

AB
AK

Al
B
C1

C2

DP

DT
FLCOS
FLBIN
HEF

A vector representing the convolution of cos ¢(t) with H.l(t), the impulse response
of the equivalent lowpass filter of a predetection filter.

The absolute value of the derivative of PHI.

The constant relating peak frequency deviation to the voltage of the modulating
wave,

The value of an expression used repeatedly.
A vector representing the convolution of sin¢(t) and hl(t)'

A numerical constant which is the steady response of the deemphasis filter to
a de input voltage,

The quotient of a2 component of the vector B and a corresponding component of
the vector A.

The peak frequency deviation.

An inerement of time T.

A vector used to retain the sample values of cos ¢(t).
A vector used to retain the sample values of sing(t).

A vector used to retain sample values of the impulse response function of the
predetection filter,

A vector used to retain sample values of the impulse response function of the
deemphasis filter.

An integer index used in DO-Loops.

An integer index used in DO-Loops.

An integer index used to furnish a special ordering for vector components.
An integer specifying the number of calculations to be performed.

An integer specifying the number of calculations to be performed.

An integer specifying the number of calculations fo be printed out.

A vector, the components of which are generated by the arctangent of C2.
A vector of sample values of the derivative of PHI,

A summation of terms involved in a convolution operation.

A summation of terms involved in a convolution operation.

A summation of terms involved in a convolution operation.
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A vector of sample values of the final output response function of the system.

A vector of sample values of the partial final system output to which a single
constant should be added to each component to give the final output vector.
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